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The effect of moisture on coal grindability has been studied 
experimentally using the standard Hardgrove machine. Two types of 
Indonesian coal were investigated, viz a brown coal and a high volatile 
bituminous C coal. Two types of grindability measurement were adopted 
for the experiment, viz constant weight basis (the A.S.T.M standard) and 
constant volume basis. The experimental results show that the 
grindability of the coals tested is influenced by the moisture content, 
particularly for the brown coal type which contains very high moisture.
Drying the coal below an air-dried moisture resulted in the coal 
which was easier to grind since removing the moisture from the coal 
created some cracks in the coal particles. Increasing the moisture, to 
some extent, also produced a coal which was easier to grind as 
increasing the moisture resulted in the swelling of the coal particles which 
causes a fragmentation of the coal structure.
The Hardgrove Grindability Index (HGI) of the coals tested was also 
affected by the size consists of the coal sample. It was found that the fine 
fraction of the feed sample dominated the HGI index.
The size distribution analysis of the Hardgrove grindability test 
products has shown that, in all cases, the over-size products of a given 
coal at different moisture content consisted of an almost identical 
distribution and that the size distribution of the under-size products
X
essentially paralleled that of the feed. Moreover, all cases also show that 
the 75 pm size (cut size) is the size at which the distribution exhibits a 
change-over. This result was interpreted as being the characteristics of 
the Hardgrove machine itself, and not the material being ground.
Finally, it is suggested that an agreed standard of "the air-dried 
condition" of the HGI sample is required and that the volume basis 
method be adopted for the grindability test in order that HGI of coals in 
general may be more rationally compared.
XI
NOMENCLATURE
b Size distribution intercept (Rosin -  Rammler equation)
Di Initial particle size
D2 Final particle size
Dp Average diameter
E Energy input
F Diameter of the feed particles
HGI Hardgrove grindability index
K Energy input constant
M Original weight of feed (including moisture content) 
mi Weight of feed (dry basis; after subtracting moisture)
m2 Weight of material retained on the No.200 sieve (dry basis; after 
subtracting moisture)
m4 Weight of material passing the No.200 sieve (used for HGI 
determination)
I'm' Weight of material passing the No.200 after correcting to the 50 
grams sample (used for HGI determination) 
n Size distribution constant (Rosin -  Rammler equation) 
nat natural moisture or air-dried moisture 
[O] Weight fraction of oxygen in the coal
O/S over-size
od * moisture between air-dried moisture and minimum oven-dried 
moisture
od minimum oven-dried moisture



















Diameter of the product particles 
Relative vapour pressure 




moisture between air-dried and maximum saturated moisture 
Specific surface area 
under-size 
volume basis









Indonesia has the largest coal reserves in the south-east Asian 
region and potential not only for greater coal production than at present, 
but also for considerable exports in the future. According to estimates 
from the World Energy Conference, the nation hosts reserves of 18 billion 
mt lignite, 4.4 billion mt sub-bituminous coal and 774 million mt 
bituminous coal (Wyllie -1988). Indonesia has been aiming to create a 
national coal mining industry to supply the domestic market and also to 
become a viable competitive supplier in the Asian market.
In recent years, furthermore, subtitution of coal for oil in power 
plants has been the goal of the Indonesian government since proven 
deposits of coal are about five times as large as national hydrocarbon 
reserves and most of Indonesia’s power stations are still oil fired. One of 
the coal fired power plant has been built in Suralaya-west Java, which 
will have a full capacity of the station of about 3,000 MW. Coals from Bukit 
Asam mining area (south Sumatra) are intended to supply fuel for this 
power plant.
Coals from Bukit Asam - which are of the lignite or brown coal type 
- usually contain considerable moisture content. A typical reference to 
moisture in coal pertains to the total moisture content. This is comprised 
of what is commonly termed as equilibrium moisture and surface 
moisture. Surface moisture typically affects combustion process as well 
as pulverizer performance since it possibly influences the relative ease
3 0009 02907 6663
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with which coal may be ground. In practice, the surface moisture 
produces agglomeration of the fines in the pulverizing zone and reduces 
pulverizer drying capacity because of the inability to remove the fines as 
quickly as they are produced. This agglomeration has also the same 
affect as coarse coal during the combustion process because the surface 
area available for the chemical reaction is reduced, hence the 
combustion efficiency is also reduced.
The influence of the moisture of some coals on their grindability 
(Hardgrove Grindability Index) has been previously correlated by several 
authors; some of them will be mentioned later. Those correlations, 
however, could not be immediately applied to any coal since it is still 
believed that there are some other factors which also influence the 
grindability of the coal, such as type and rank of the coal.
The relationship between coal moisture content and its grindability 
has been investigated by Ellmann and Belter (1955). It was found that, for 
North Dakota lignites, the grindability varied as the moisture content 
changed.
In Britain, Fitton, et al (1957) stated that, for Bilsthorpe coal, over a 
wide range of free moisture content (from air-dried to about 30 % 
moisture), the Hardgrove Grindability Index (H.G.I) remains virtually 
unchanged. In addition to that, it was suggested that it would be slightly 
advantageous to dry the coal below its air-dried moisture content (at 
temperature ±  100° C) to increase the ease with which coal could be 
ground, especially for low-volatile coal and high-volatile non-caking coal.
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Furthermore, it was also concluded that a broad relationship appeared 
between coal rank and grindability.
Ghosal, et al (1958) have statistically correlated the grindability of 
various types of Indian coals to their properties and ranks. In relation with 
the moisture content, it was stated that the influence of inherent or 
equilibrium moisture on H.G.I was remarkable. It was observed that for 
coal with inherent moisture less than 1.8 % there was a wide variation in 
the index from about 50 to 90. For coal with moisture content above 
1.8 %, the H.G.I varied within a small range of about 45 to 55. Moreover, it 
was concluded that the grindability of coal was closely related to the rank. 
A similar statement was also suggested by Pretor (1983) that a general 
relationship exists between the rank of coal and its grindability.
However, Luckie, et al (1976) reported conversely that the H.G.I did 
not correlate very closely with the coal rank. It was stated that the mineral 
matter content and petrographic composition more likely influenced the 
coal grindability. It was also advised that oven drying coal could cause 
significant change in the H.G.I.
The prevalence of the moisture content of three types of coal 
(brown coal, hard coal and anthracite) on the change in specific surface 
has also been studied by Lebedev, et al (1979). Samples with different 
moisture content were obtained by drying the coals to constant weight 
and bringing them to the equilibrium state in air or in an atmosphere 
saturated with water vapour and by the addition of water to the coals. It 
was found that the specific surface of dispersed dry coals and anthracite 
was greater than that of wet materials.
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The results developed by those previous investigators, however, 
did not lead to a satisfactory reason or conclusion of the effect of moisture 
on coal grindability which can immediately be applied to the Indonesian 
coals.
The objective of this study, therefore, is to find the effect of moisture 
content of some Indonesian coals on their grindability. Three types of 
moisture were introduced to the coal samples, viz. free moisture, air-dried 
moisture and oven-dried moisture. Most of the methods used for the 
experimental work were adopted from the A.S.T.M standard.
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2.0. THEORY
2.1. GENERAL COMMINUTION THEORY
2.1.1. BASIC SIZE REDUCTION PRINCIPLES
The two general reasons for reducing particle size (comminution) of 
the coal are to meet the market demand for variety of uniform size, such 
as for power plant consumption, cement industry, etc and to facilitate the 
cleaning process. To meet the market demand, a crusher or a mill is 
specially designed and constructed - usually based on the characteristic 
of a particular coal - to reduce the coal so that all of the product is smaller 
than a definite size. To facilitate the cleaning process coal must be 
liberated from the impurities in order for separation to be successful.
Reduction in size involves the production of smaller unit from larger 
mass of the same materilas. Consequently, the size of reduction 
operation which must cause breakage to take place in the larger units is 
accomplished by the application of pressure. Coal contains planes of 
weakness along which shear takes place more readily. The applied 
pressure must be great enough to cause failure through shear along 
these cleavage planes. In order to produce true size reduction, the coal 
must be ruptured and the shear movement, once started, must result in 
complete separation of the particles between which the shear failure 
occured (Leonard and Mitchell - 1968).
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For successful size reduction, every lump or particle of coal is 
broken by contact with another lump or particle, or by direct contact with 
the moving part of the mill. As the breaking action proceeds, the number 
of individual particles increases, requiring more contacts per-unit mass. 
Consequently, the capacity of the particular machine of fixed dimensions 
is less for small sizes than larger sizes, since it is necessary for the 
smaller particles to remain in the machine for longer periods of time to 
sustain the required number of contacts.
According to Beke (1981) comminution, which is an operation 
involving the application of mechanical energy, can be given in three 
different definitions :
a. The reduction of large, irregularly shaped solid particles to smaller 
sizes,
b. The creation of new surfaces,
c. The changing of the number and size of particles and surface of the 
mass.
The first definition seems to be self evident and it is related to the coarse 
stage or crushing. The second definition results from the remarkable 
theory of Rittinger and refers to the new contact surfaces of vital 
importance in chemical reaction kinetics. It is characteristic to grinding 
process. The third definition characterizes the very fine stage of grinding.
2.1.2. ENERGY - SIZE REDUCTION RELATIONSHIPS
Comminution theory is concerned with the relationship between 
energy input and the product particle size made from a given feed size.
7
Various theories have been proposed, none of which is entirely 
satisfactory. The greatest problem lies in the fact that most of the energy 
input to a crushing or grinding machine is absorbed by the machine itself 
and only a small fraction of the total energy is available for breaking the 
material (Wills - 1979). It is to be expected that there is a relationship 
between the energy required to break the material and the new surface 
produced in the process, but this relationship can only be made manifest 
if the energy consumed in creating the new surface can be separately 
measured.
Despite a great deal of research to explain the relationship 
between energy input and size reduction, there is a lack of understanding 
of some factors involved. While it is a known fact that when coal is 
crushed or ground most of the energy input is accounted for by the heat 
liberated, difficulties nevertheless arise in identifying and attempting to 
relate other forms of energy that are part of the process.
Many existing relationships between energy and size reduction can 
be demonstrated by observation and experiment without any known way 
of theoretical derivation. For instance, the energy required to make a 
small change in the size of an object is proportional to the object size 
raised to some power. It is highly controversial as to whether the exponent 
of the object size is constant. Although many of the early authorities 
assumed it to be constant, more recent experimenters have shown it to be 
a variable depending on the material and the manner in which it is broken 
(Leonard and Mitchell - 1968).
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There are two theories of comminution which have long existed 
and which have been used with a varying degree of success. They are 
the Rittinger and Kick theories.
The Rittinger theory is the older and more widely accepted. It is 
stated in his conclusion that the useful work accomplished in crushing 
and grinding is directly proportional to the new surface area produced 
and to the reciprocals of the product particle diameters. The work, 
therefore, increases in geometrical ratio as the particle size of the product 
decreases. Assuming that it takes X work to break a unit cube into V2 cm 
cube, then it will take 2 X work to reduce to V4 cm cubes, and 4 X to 1/s 
cm, etc.
Since it is stated that the surface area of a known weight of 
particles of uniform diameter is inversely proportional to the diameter, 
hence Rittinger's law equates to :
E = K (1 / D2 -  1 / D1 ) ............................................. (2.1 )
Where,
E = energy input
K = constant
D1 = initial particle size
D2 = final particle size
The second theory is that of Kick which is based primarily upon the 
stress-strain diagram of cubes under compression. It is stated that the 
work required is proportional to the reduction in volume of the particle 
concerned. Therefore Kick equation may be written as :
9
Rr = F /P  ...............................................  (2.2)
and,
W = log Rr/log 2 ...................................................(2.3)
where,
Rr = reduction ratio 
F = diameter of the feed particles 
P = diameter of the product particles 
W = work input required for reduction to different sizes.
Another theory of comminution was developed by Bond (1952) 
using the concept of the formation of crack tips in the comminution 
operation. It is stated that the total work useful in breakage which has 
been applied to a stated weight of homogenous broken material is 
inversely proportional to the square root of the diameter of the product 
particles. It is also postulated that the bulk of the necessary work input is 
utilized in deformation of the particles and released as heat through 
internal friction.
Various attempts have been made to show that relationships of the 
Rittinger, Kick and Bond are interpretations of a single general equation. 
Hukki (1975) suggested that the relationship between energy and particle 
size is a composite form of three laws. The probability of breakage in 
comminution is high for large particles and rapidly diminishes for fine 
sizes. It is shown that Kick's law is reasonably accurate in crushing range 
above 1 cm diameter; Bond's theory applies reasonably in the range of 
conventional rod and ball mill grinding, and Rittinger's law applies fairly 
well in the grinding range of 10 - 1000 pm.
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The Rittinger's law, therefore, may be assumed to be applicable for 
the grindability test of coal, since for this test the standard size 
fractions of the sample of -1 .18 mm + 600 pm is used.
Table 2.1. Lithotypes and their characteristics. (After Luckie, et al - 1976).
* Vitrain, a coal costituent which is very bright, smooth and brillian in 
lustre, has a low specific gravity and carbon content and is fairly friable.
* Clarain, a coal constituent which is bright coal, but notably 
heterogeneous in composition, has a relatively low specific gravity 
and carbon content and is fairly friable.
* Durain, a coal constituent which is dull coal - gray in color,
exhibiting a matte surface, is very hard and difficult to crush and 
has a higher specific gravity and carbon content than the bright coal 
types.
* Fusain, a coal constituent which is black in color with silky lustre, 
has a fibrous structure resembling wood charcoal, is difficult to wet, 
has a high specific gravity and carbon content and extremely soft and 
friable.
According to Mayer (1972) the energy requirement, equipment 
wear and size distribution of product associated with crushing and 
grinding operation are dependent to a first approximation on lithotype, 
maceral and mineral composition of the feed coal. There are four types of 
lithotype, viz. vitrain, clarain, durain and fusain. Table 2.1 lists and 
describes the lithotypes and their characteristics. It is also stated that 
vitrain and fusain may be ground easier than clarain and durain since
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vitrain has more fractures than other lithotypes and fusain tends to be 
extremely friable. Moreover, clarain and durain exhibit dull laminae which 
is usually more difficult to grind.
2.2. GRINDABILITY
2.2.1. GRINDABILITY OF COAL
The grindability of coal, or the ease with which it may be pulverized, 
is a composite physical property embracing other specific properties, such 
as hardness, strength, toughness and fracture (Pretor - 1983).
The laboratory grindability test is valuable to estimate the capacity 
of pulverizing equipment for plant control and for comparing the 
performance of pulverizers on different coals.
The Hardgrove test has been designed to determine the 
grindability of coal. The test utilizes a special grindability mill of the ring 
and ball type in which a 50 gram sample of closely sized coal (-1.18 mm 
+ 600 pm) is ground for 60 revolutions. Originally the ground product was 
screened on a series of sieves to determine approximately the amount of 
new surface as a percentage of that found for a standard coal. Nowadays, 
the ground sample is screened only on 75 pm (200 mesh) sieve. The 
grindability index is calculated from the amount of under-size product.
In practice, variations in the Hardgrove Grindability Index (HGI) of 








Figure 2.1. Typical mill capacity correction curves.





Figure 2.2. Variation of grindability index with moisture content, North 
Dakota lignites (average of standard and corrected values)
(After Ellmann and Belter - 1955)
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(Sligar - 1987). Mills are manufactured with a limited number of capacities 
and the manufacturer supplies a mill which may or may not have some 
spare capacity for a given application. The manufacturer, however, 
usually provides a set of correction curves for the mill, enabling a 
calculation of mill capacity with coals of different basic properties. 
Figure 2.1 shows an example of the curve of mill capacity versus coal 
HGI.
According to Pretor (1983) a general relationship exists between 
the grindability of coal and its rank. Coals that are easiest to grind are 
found in the medium and low-volatile groups; they are easier to grind than 
the coals of high-volatile bituminous, sub-bituminous or anthracite rank. 
Maceral composition and maceral associations also affect grindability of 
coal. However, the relationship between grindability and rank is far too 
complex to permit grindability to be estimated from the analysis of coal.
It is also stated that since the sample is pre-crushed, the energy 
input required for the grindability of the coal is over-estimated because 
the strength of the individual grains is increased by the reduction of the 
number of the cracks which are present in the coal in its original size 
consist.
Ellmann and Belter (1955) stated that grindability of coal should not 
be confused with the hardness of coal. The same coal may have a range 
of grindabilities depending on other constituents in the coal. For example, 
Figure 2.2 gives a typical curves for North Dakota lignites and shows the 
variation in the Hardgrove grindability as the moisture content changes. 
Typically, anthracites and some lignites have at least one point where
13
their grindabilities are very close. Anthracite, however, is a very hard coal 
whereas lignite is soft, yet both are difficult to grind.
2.2.2. VOLUMETRIC HARDGROVE GRINDABILITY TEST
As noted earlier, the Hardgrove grindability test for coal is designed 
to use a standard weight of a 50 gram sample of closely sized coal. 
However, equal weight of different type of feed coals with the same size 
distribution but different specific gravities -  that may be due to the 
difference in the coal properties, viz. mineral matter, moisture content, etc 
-  contain different number of particles and therefore have different surface 
areas. Moreover, it is not practically possible to grind feed samples of 
given weight and size consists to products with mutually similar weight 
and size consists. A volume measure was also considered by Black 
(1936) and Yancey and Geer (1936) to give a more meaningful basis for 
feed and product assessment.
The rationale for volumetric basis is as follows. Ideally, to 
standardize grinding conditions where the sample should consist of a 
specific number of particles of uniform size and having a constant total 
surface area. To approach this condition in practice the sample should 
be closely graded and have a constant volume of solid substance, or, 
more conveniently -  though with greater deviation from the ideal case 
because of voidage variation -  a constant bulk volume.
Agus and Waters (1971, 1972) stated that when the standard 
method is applied to shales and other minerals differing in density from
Figure 2.3a. Grindability of specific-gravity of 1 1/8 x 3/8 in coal by constant- 
weight and constant-volume methods.






Theoret ical  
values determined 
from known volumes 
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Figure 2.3b. Grindability of mixture of 1.60 float and shink of 11/8 x 3/8 in 
coal by constant weight and constant volume methods.
(After Black - 1936)
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coal, measurement of the amount of grindability sample should be on a 
volumetric and not a weight basis. It was shown that the solid and bulk 
volumes of a 50 gram sample of coal or shale vary widely according to 
density (Table 2.2). For example a 50 gram shale sample would occupy 
about half the volume of a 50 gram coal sample in a grinding bowl and 
thus be subjected to different grinding conditions and the results were not 
strictly comparable.
Table 2.2. Solid and bulk volumes of 50 g test samples and the weights of 
75 cm3 test samples. (After Agus and Waters -1971).
Solid Bulk t'o/.f Wt. o f
Type o f Specific col * o f Bulk o f  75 cm3
sample gravity 50 g s'pie density 50 g s'pie sample Voidage\
(g/cm3) (cm3) (g/cm3) (cm3) (g)
V itra in 1-30 38-5 0-61 82*0 45*8 0-531
Coal (Y W ) 1-36 36*8 0-67 74*6 50*3 0-507
Carbonaceous shale (A) 1-87 26*7 0-83 60*2 62*3 0*556
Carbonaceous shale (B) 2-03 24*6 101 49*5 75*8 0*502
Shale (soft) 2-40 20*8 1-14 43*9 85*5 0*525
Shale (hard) 2-52 19*8 1*21 41*3 90*8 0*520
* Volume occupied by solid matter only
+ Volume occupied by solid matter and voids in the packed bed
p -  p*> .
t  Voidage, as determined in the 75 cm* measuring cylinder, e -= , where p — particle density (i.c. speci­
fic gravity) of the material, and ph =  bulk density. Mean voidage Z =  0-524
Black (1936), using both constant-weight and constant-volume 
samples, measured ball mill grindabilities of 11/2 x 3Iq inch coal 
separated at specific gravities of 1.3, 1.4, 1.6, 2.0 and 2.6. It was found 
that weight and volume measures resulted opposite trends of grindability 
as shown in Figure 2.3a. The decrease in grindability with increase in 
specific gravity for constant volume sample was because of the greater
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resistance to grinding offered by the heavy fractions. In contrast, in a 
constant-weight sample the heavy fraction occupied a small volume and 
hence, the rate of production of fines was greater.
In another experiment, Black (1936) found that a similar result to 
the above result was also produced by calculating the values of numbers 
of revolutions required for mixtures of density-separated coal and mineral 
matter on the assumption that the properties were additive (Figure 2.3b).
2.3. COAL - WATER SYSTEM
2.3.1. WATER ADSORPTION ON COAL
The adsorption process can be described as the distribution of 
species between the gas phase and the solid phase (Adamson - 1960). 
Usually it is expressed in terms of the amount of gas adsorbed per gram 
solid with the corresponding pressure in the gas phase at a given 
temperature. In the case of adsorption, it can normally be seen that the 
amount of gas or vapor adsorbed increases with increasing pressure and 
decreases with increasing temperature.
In general, water adsorption on coal might be divided into two large 
classes, namely physical adsorption and chemisorption. For the first class, 
the forces responsible for it are similar to a condensation process and 
may be termed as "van der Walls" forces. It is supposed that this type of 
adsorption occurs as a result of nonspecific forces of attraction between 
the solid and adsorbed and chemical bonds are not involved. Moreover,
p / p 0
Note. No.1 = anthracite
No.912, 956, 885 and 888 = bituminous coals with different vol. matter from low to
high respectively
Figure 2.4. Moisture sorption isotherm (20° C) on coals. Solid points 
denote desorption data.
(After Mahajan and Walkers -1971)
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the process is reversible and the adsorbate may be removed by lowering 
the pressure and then chemically recovered unchanged .
The second type of adsorption (chemisorption) is due to specific 
chemical interactions between adsorbate and adsorbent . Gas or vapor 
that is chemisorbed may be difficult to remove by only reducing the 
pressure and when it occurs, desorption may be accompanied by 
chemical changes. At low temperatures, chemisorption occurs slowly, 
therefore for practical purposes only physical adsorption is observed, 
whereas at high temperature, physical adsorption is negligible and only 
chemisorption occurs.
Definition of what constitutes water in coal is difficult since there is a 
continuum in release of water from normal evaporation of free surface 
water to the release of water from thermal decomposition of oxygen- 
containing groups in the coal and water of hydration from additional 
minerals in the coal (Karr, Jr - 1978). The usual method of studying the 
water in the coal is first to measure a water sorption isotherm. This method 
illustrates the moisture content of the coal as a function of relative vapor 
pressure of water (or relative humidity), normally at a temperature close to 
surrounding conditions.
Adsorption of water on coal varies with their rank. Mahajan and 
Walker (1971) found that the moisture sorption isotherm, measured at 
28° C, on various coal samples produced different isotherm shape, 
dependent on coal rank (Figure 2.4). Bituminous coals are seen to 
adsorb more water at low relative vapor pressure (P/Po) than does 
anthracite.
Figure 2.5. Water desorption and readsorption isotherms of North Dakota 
lignites at 30° C : o, initial desorption; «, readsorption.
(After Deevi and Suuberg - 1987)
[O] = weight fraction of Oxygen in the coal 
Sg = specific surface area
Figure 2.6. Relation between water-holding capacity and surface oxygen
of the sample coals.
(After Kaji, et al - 1986)
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From Figure 2.4 it can be seen that when the sorption-desorption 
results are considered for the various coal samples, it is seen that 
hysteresis exists in each case. Anderson, et al (1956) reported that in the 
case of coals, the hysteresis loops usually do not close until the relative 
pressure is reduced to zero. However, in the Mahajan and Walker's result, 
sorption-desorption isotherms did not meet even at zero relative pressure. 
The irreversibly adsorbed water is presumably held tightly within the 
micropores.
However, Deevi and Suuberg (1986) found that the moisture 
desorption-readsorption behaviour of four North Dakota lignites was 
relatively reversible in some cases and irreversible in others as shown in 
Figure 2.5.
Kaji, et al (1986) have investigated the water-holding capacity of 
various coals from lignites to anthracite. It was found that oxygen content 
and pore structure were the important factors in determining the water­
holding capacity. A fairly good linear relationship was obtained between 
water-holding capacity and surface oxygen of the sample coals as given 
in Figure 2.6.
Absorption of water on coal is expected to occur in three steps : 
monolayer sorption, multilayer sorption and capillary condensation. It has 
been known that the sorption of water - a polar vapour - on carbonaceous 
materials such as coal, graphite and carbon black is strongly influenced 
by the polar groups on the adsorbing surface. Allardice and Evans 
(1971 b) found from measurements of water sorption isotherms of
Figure 2.7. Equilibrium moisture content as a function of relative humidity.
(After Evans - 1973)
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Victorian brown coals that the BET monolayer capacity of coal for water 
correlates well with the number of hydrophilic functional groups rather 
than the surface area and that the water in the monolayer is linked to the 
coal by hydrogen bonding. Further sorption of water is considered to 
happen by clustering around hydrophilic sites on top of the monolayer, 
which finally leads to the condensation of water in the capillary structure. 
This picture of water sorption suggests the importance of the number of 
hydrophilic surafce sites in determining the water holding capacity.
In 1967, Stewart and Evans also investigated the nature of the 
forces bonding the water to coal subtance, i.e to Yallourn brown coal, 
which contained 200 gr of water per 100 gr of dry coal by measuring the 
water vapour pressure in equilibrium with the coal at temperatures from 
39° C to 107° C. It was found that about 60 % of the water was associated 
with the coal as bulk water, not bonded to it in any way. 30 % of the 
remaining water was present in capillaries and another 10 % of water was 
adsorbed on the surface of the coal. The initial monolayer, which was 
partly chemisorbed and partly physically adsorbed, took up 4 % of this 
10 % and the rest was present as a physically adsorbed multilayer.
Evans (1973) also confirmed that, in relation with vapour pressure, 
there are four water types associated with the coal as given in Table 2.3. 
In addition to that, as shown in Figure 2.7 a typical sigmoid shape curve 
was also given as a result of the plotting of moisture content of coal as a 
function of relative humidity (vapour pressure). This sigmoid shape is 
generally accepted as an indication of monolayer formation in the left 
convex part of the curve, followed by the buildup of a multimolecular layer 
by physical adsorption in the straightline portion and eventually
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capillary filling in the right concave part of the curve. This capillary region 
blends imperceptibly into a region in which the capillaries are so large 
that the reduction in pressure is negligible and the water filling behaves 
as a bulk water.
Table 2.3. Relation between water type and water content.
(After Evans -1973).
Water type Dessicator RH 
(%>
Water content 
(g/100 g dry coal )
Bulk water 98 75
Capillary water 76 28
Multilayer sorbed water 36 13
Monolayer sorbed water 8 7
0 3
RH = relative humidity
Allardice and Evans (1971 a) also confirmed the theory of the water 
type adsorption on coal. It was stated that the amount of water which can 
be desorbed from brown coal after prolonged evacuation to a constant 
weight increases with increasing temperature. This indicates that at least 
two categories of water are associated with the coal at particular 
temperature. Firstly, there is weakly associated water which can be 
removed by isothermal evacuation and secondly, there is more strongly 
associated water which can be removed only by raising temperature. This 
latter water is undoubtely chemisorbed on the coal in some way and its
2 0
release is probably associated with the thermal decomposition of 
functional groups on the coal surface.
2.3.2. EFFECT OF THE MOISTURE UPON COAL STRUCTURE
As mentioned earlier a hysteresis exists in the case of sorption­
desorption of the water on coal (Figure 2.4). This hysteresis phenomenon 
may be explained by the changing of the coal structure caused by the 
sorption-desorption process. As adsorption proceeds, the coal swells, 
exposing more surface for adsorption. This swelling is probably due to 
inter-micellar penetration by the water molecules (Ailardice and Evans - 
1971b). On desorption, however, this process is not reversed. The weakly 
sorbed water will be desorbed first. The water molecules which are 
strongly adsorbed at active sites all over the internal surface will be the 
last desorbed and will delay the shrinking of the capillary structure to very 
low coverage.
Swelling due to water adsorption strains the coal matrix and most 
probably leads to a weakened coal structure.
Drying or desorption of water from coal can cause a shrinkage of 
coal, particularly for lignites as noted by Baria and Hasan (1986) in their 
experiment on steam drying of low-rank coals. It is found that the linear 
shrinkage, parallel to the bedding plane occured upon steam drying of 
various low-rank coals. The shrinkage varied between 3 % and 12 % and 
it was a function of the coal type, but independent of drying temperature
I
Figure 2.8. Moisture removal from beds of lignite lumps as a function of 
drying time. Ultimate moisture content 42 % (wet basis).
Bed temperature : © 100° C and © 250° C. Vacuum conditions 
(~0.2 Torr).
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Figure 2.9. Volume-contraction history as a function of relative humidity.
(After Evans - 1973)
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and particle size. It averaged between 10 % to 12 % shrinkage for lignites 
and 3 % to 5 % for sub-bituminous coals.
Androutsopoulos and Linardos (1986) also stated that drying of 
Greek lignite resulted in a considerable particle contraction by 
approximately V3 of its original size. A marked particle contraction at 
moderate heating conditions (~ 100° C, under vacuum) is inevitable, the 
natural consequence being a pore deformation (shrinkage and collapse). 
A net increase or decrease in the pore volume and surface area is 
dependent upon the interaction of two competing effects, i.e, pore 
emptying due to moisture removal and pore shrinkage due to particle 
contraction. Figure 2.8 shows the change in residual moisture (% of 
ultimate moisture content minus weight loss) of Greek lignite versus 
drying time.
The shrinkage on drying of brown coal was also noted by Evans 
(1973) who dried the coal by equilibrating in atmospheres with various 
relative humidities. Figure 2.9 shows the volume-contraction history as a 
function of relative humidity. It is also stated that in the high drying rates a 
differential contraction on the coal body may possibly occur and hence 
result in the surface cracking.
Deevi and Suuberg (1985,1987) indicated that for four North 
Dakota lignites (Beulah, Freedom, Glenn Harold and Gascoyne) the 
shrinkage due to the drying process was always irreversible by reswelling 
the samples even when drying was relatively incomplete. Only about 
80 % of original volume was regained upon reswelling in water, as shown 

















GLENN HAROLD LIGNITE 30°C
N U M B E R  O F  D A Y S
Figure 2.10. Linear shrinkage of Glenn Harold lignite at 30° C :
II , parallel to bedding plane; j_ perpendicular to bedding 
plane. Figures on curves denote relative humidity (%).
(After Deevi and Suuberg - 1987)
a
b
Figure 2.11. Apprearance of four samples of Beulah lignite stored 
at 30° C and four relative humidities for approximately 100 
days: a) 100 % RH, b) 33 % RH, c) 22 % RH, d) 7 % RH





different relative humidities for Glenn Harold lignite is given in Figure 
2.10. It was also noted that the very rapid initilal shrinkage is characteristic 
of all samples. In fact this causes large stresses in the material, which can 
result in macroscopic cracking. An example of the appearance of the 
sample of Beulah lignite stored at 30° C and four different relative 
humidities for approximately 100 days is illustrated in Figure 2.11.
Table 2.4. Reswelling of dried samples.
(After Deevi and Suuberg - 1987).
P/Po f 0r Swelling ratio.
drying Form' l/UlvJ V 6ty Recovery (%)
Glenn Harold 0.75 c 1.09 85
0.75 p 1.12 87
0.33 c 1.29 . 85
0.33 p 1.1« 78
0.00 p 1.35
Gascoyne 0.75 c 1.11 78
0.75 p 1.10 77
0.00 p 1.42
Freedom 0.33 c 1.19 83
0.33 p 1.19 83
0.22 c 1.25 81
0.22 p 1.22 79
0.00 p 1.27
Beulah 0.00 p 1.19
*C , cubes; 1\ powder
2.3.3. RELATIONSHIP BETWEEN MOISTURE CONTENT AND COAL 
GRINDABILITY
As mentioned in Section 2.3.2 the moisture content affects the 
structure of coal, particularly for low-rank coals which usually contain high 
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Figure 2.12. Grindability index versus air-dry moisture content.
(After Callcott - 1956)
Figure 2.13. Effect of moisture content on grindability index
(After Fitton, et al - 1958)
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coal will shrink and this leads to the production of some cracks (Evans - 
1973, Deevi and Suuberg - 1985,1987). Some previous authors noted 
that drying the coal below its air-dried level increases the ease of the coal 
to be ground. Although none of them had clearly stated the reason for this, 
the cracks created are most likely the main reason in explaining the 
increasing of the coal grindability as a result of the drying process.
The relationship between coal moisture content and its grindability 
has also been investigated previously by several investigators. As noted 
earlier, Ellmann and Belter (1955) found that the grindability of North 
Dakota lignites varies as the moisture content changes (Figure 2.2). In 
1956, Callcott correlated the grindability of some British coals at the 
various air-dry moisture contents. The result is given in Figure 2.12 and it 
indicates that the grindabily of the coal was influenced by its moisture 
content. However coal rank may also have had an effect.
Fitton,et al (1957) have also investigated the grindability of British 
coals and found that over a wide range of free moisture content (0-11 %), 
the grindabilty index remained sensibly unchanged. It was also indicated 
that coals having an air-dried moisture content exceeding about 2.5 % 
show a small range of HG indices , i.e. from 48 to 63 and at moisture 
content less than 2.5 % the indices spread rapidly to the range from 35 to 
115, as shown in Figure 2.13. It was also suggested that it would be 
slightly advantageous to dry the coal below its air-dried moisture level 
(at temperature about 100° C) to increase the ease with which coal could 
be ground, especially for low-volatile coal and high-volatile non-coking 
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Figure 2.14. The influence of moisture on the Hardgrove Grindability 
Index
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Figure 2.14 a. The influence of moisture on the Flardgrove Grindability 
Index, moisture calculated at 60 % RH and 40° C.
(After Ghosal, et al - 1958)
Figure 2.15. Change in the specific surface in the dispersion of 
anthracite with different moisture contents : 1) absolutely dry; 
2) with the maximum amount of hygroscopic moisture 
-6.16% .
(After Lebedev, et al - 1979)
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Table 2.5. Grinding Test on Oven-dried Coals. (After Fitton, et al - 1957).
Coal data Hardgrove index
Volatile Caking Air-driedm atter power moisture Air- Oven-Sample per cent Gray-King per cent dried dried
1 38*5 C 8*7 52*2 64*42 29* 1 G 10 1-0 114-6 1153 7-4 A 1*6 53*1 58*8
Luckie, et al (1976) also stated that oven drying coal can cause 
significant change in the Hardgrove Grindability Index.
The relation between moisture contents of various types of Indian 
coals on their grindabilities have also been correlated by Ghosal, et al 
(1958). The result is similar to that of Fitton et al above and is given in 
Figure 2.14. For some of the samples, the moisture figures were also 
calculated on 60 % relative humidity at 40° C basis and the relation 
between this moisture and HGI has remained the same as in Fig. 2.14, as 
shown in Figure 2.14 a.
The influence of the moisture content on the change in the specific 
surface of some coals on vibromilling has been studied by Lebedev, et al 
(1979) for brown coal, hard coal and anthracite. It was found that the 
specific surface of dispersed dry coals and anthracite was greater than 
















Figure 2.16. Measured specific surface of five common minerals. (From 
G.G. Brown and Associates, Unit Operation, John Wiley and Sons, 
N.Y, 1950, by permisión).






2.4.1. METHODS OF SIZE DISTRIBUTION ANALYSIS 
2 A 1 .1. Specific Surface measurement
According to Foust, et al (1960) the shape of particles of solids may 
be as important as the particle-size distribution . In the developement 
above, it was assumed that the shape did not vary with particle size, but 
no further concern was given to the shape.
The specific surface is defined as the surface area per unit mass of 
material. Figure 2.16 shows the specific surface of several common 
materials as a functions of particle size. The specific surface of a 
material for which there are no data of the particle shape may be 
roughly estimated from the specific surface of a similar material 
(Foust,et al - 1960).
2.4.1.2. Rosin -  Rammler analysis method
Among the many laws of size distribution that have been 
developed for various solids, that suggested by Rosin and Rammler 
(1933), appears to most nearly represent the size distribution in broken 
coal. (Leonard and Mitchell - 1968). The Rosin-Rammler equation can 
be given as :
R = e - b X  n ........................................................ (2.4)
where,
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X = particle size
R = cumulative fraction greater than particle size, X 
n = size distribution constant, a measure of the degree of
dispersion of the particle sizes.
To analyze the size distribution data in order to get a linear 
relationship between X and R, the logarithms of the equation 2.4 are 
taken twice, and may be given as follows :
inR = -  b X n ....................................................... (2.5)
or
-  In R = b X n ........................................................ (2.6)
and,
In ( - In R )  = Inb + n In X .................................................... (2.7)
By plotting In ( -  In R ) versus In X, the linear correlation between 
particle size, X and cumulative fraction greater than particle size, X may 
be obtained with its slope being the dimensionless size-distribution 
constant, n. If n — > °o, the curve will plot as a vertical line, all particles will 
approach the same size and there will be no size distribution. If n = 1, the 
law simplifies to the ideal law of breakage in which absolute random 
distribution of forces in the broken material may be assumed. As n — > 0, 
n becomes very small and the particle size will spread over a wide range 
and the size of every particle will differ relatively widely from that of the 
particle just larger or smaller.
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2.4.2. EFFECT OF FEED SIZE DISTRIBUTION ON COAL GR1NDAB1LITY
In the past several authors have investigated the effect of feed size 
fraction on measuring coal grindability. It was indicated in general tha t, as 
expected, the measured grindability index was dependent on the size 
grading of the feed sample.
Callcott (1956) found that, to some extent, an effect of different 
methods of sample preparation by different crushing method of the same 
coal -  which produced the difference of size distribution -  resulted in 
different HGI's. The result shown in Table 2.6 indicates that for coal A 
with similar grindability indices, the proportions of -18 B.S.S coal 
particles in the samples were similar; however, for coal B, the preparation 
giving the smaller grindability, had a large proportion of -18 B.S.S 
particles.
Table 2.6. Comparison of Grindabilities of Two Coals Prepared by 
Different Crushing Method in B.C.U.R.A and F.R.S.
(After Callcott - 1956).
Coal A B
Preparation by : B.C.U.R.A. F.R.S. B.C.U.R.A. F.R.S.
Average grindability 
index (P) 17-6 17-6 12-4 n -9Num ber of tests . for each average S 8 8 8Percentage-  18 B.S.S. in . feed sub-samples 49-0 49-7 45-9 54 -6
Note : B.C.U.R.A = British Coal Utilization Research Association 
F.R.S = Fuel Research Station
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Since other test in B.C.U.R.A have shown that the index tends to 
increase with increasing percentage of -18 B.S.S, it was therefore 
suspected that the method of preparation affects the strength as well as 
the size distribution of the feed.
In 1957, Callcott has once again investigated a similar experiment 
as above by using three different preparation methods of the grindability 
test samples in a coffee mill, a hydraulic press and a beater mill. Three 
different coals were used for the experiment : Towneley, Thurcroft and 
Markham coals. It was confirmed that there was an influence of the 
method of sample preparation on the size grading and the strength of the 
sample and this indicated the relative importance of these factors upon 
the measured grindability of coal. As can be seen in Table 2.7 the 
grindability index depends on the method of size reduction, which 
resulted in the difference in the size distribution of the feed.
Table 2.7. Data for Representative Sub-samples. (After Callcott - 1957).
Coal . . . . . Towneley Thurcroft 11 Markham
Column . . . . . 1 Ì 2 3 4 5 6 7 8 9
Method of size reduction . Coffee i Press Beater Coffee Press Beater Coffee Press Beater
(and yield per cent.) . . mill i (50) ! (42) mill(57) mill(47) (62) mill(6 l i ) mill(45) (55) mill(63)Sample . . . . R1 | R2 R3 R1 ' R2 R3 R1 R2 R3
Size analysis o f — 14 -f 25 B.S.S.% -  16 B.S.S. . .
j
62-1 61-3 i 71-0
|
62-5 6 2 -3 | 65-0 64-1 53-2 63-2 70-2 52-2% — iS B.S.S. . . 40-0 39-5 J 47-8 40-2 39-9! 43-6 42-3 32-7 42-0 47-9 31-1% -  22 B.S.S. . . 15-5 15-0 j 19-9 | 14-5 14-51 16-4 j 17-1 10-6 16-6 18-4 10-0% -  25 B.S.S. . . 2-5 2-5 5 0  i 2-1 1-9 ! 2-4 ! 3-8 1-3 4-1 2-6 1-5
Grindability index ( P  =  % -  200 B.S.S.) . . . i25*9 26*0; 26-9 125-8 25-5 ! 14-8 15-2' 14-9 15-2 14-7 14-9 11-1 11-2 12-7 12-6 11-3 11-4Average index . . . 26-0 r 26-9 | 26-65 | 15-0 I 15-0 14-8 11-15 12-65 11-35
Grindabilities with B.C.U.R.A. standard method . - j 26-1 |
l! |i 14-3 11-25
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The experiment on the same coal using different feed-size ratio of 
% plus and minus 18 B.S.S (30/70, 50/50 and 70/30), to some extent, 
also produced the difference in the indices as shown in Table 2.8. From 
table 2.8 it can be seen that, for Towneley coal there is no change in the 
grindability caused by the different feed ratio of % plus and minus 18 
B.S.S . However, for two other coals (Thurcroft and Markham) the different 
feed ratio of % plus and minus 18 B.S.S resulted in the slight different of 
the HGI’s. It was concluded that the different types of breakage machine 
resulted in coals of different order of grindability and that the prior 
treatment of assemblies of coal particles affects their mechanical 
properties. Moreover, It could also be seen, from these experimental 
results and the work reported earlier (Callcott - 1956), that very strict 
standardization of the entire sampling, preparation and grinding 
procedures and equipment is essential for the achievement of consistent 
and reproducible observation.
Table 2.8. Analysis of Grindability results. (After Callcott - 1957)
Towneley Thurcroft M arkham
Feed-size ratio 4< M ost Probable " grindability
(%  +  18 B.S.S./ indices (percentage passing
Method o f preparation % - 1 8  B.S.S.) 200 B .S. siev^)
Coffee mill . . . 30/70 26-3 15 -15 10 -9
50/50 26-3 . —  : —
' - 70/30 26-3 14 -95 10 -7
Press . . . . 30/70 26-75 15 -9 13-7
50/50 26-75 • ■ — —  ■
70/30 . 26-75 15 -0 12-8
Beater mill . . . 30/70 25 -7 1 5 -0 11 -8
50/50 ' 2 5 -7 — —
70/30 2 5 -7 14.-.5 10 -7
Standard error o f  a  deter­
mination . . . ±  0 -1 8 ±  0 -0 55 ±  0 -084
Degree o f  freedom . . 9 6 6
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Figure 2.17. Sample preparation flowsheet
(After Guner, et al - 1964)
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Guner, et al (1964) - by experimenting with four coals from 
anthracite through to high volatile bituminous A coals - found that 
segregation of the coal constituents occured during the standard 
preparation (Fig. 2.17) of the samples for the HGI test. The ash content of 
the fractions was used to show the extent of this variation. The size consist 
of the 1190 by 595 micron feeds for HGI test also varied appreciably as 
indicated by the distribution ratio -  which was defined as the percentage 
of 1190 and 840 size fraction in 1190 by 595 micron samples -  and 
resulted in the difference in the HGI. An example of the result of coal A 
(Clearfield coal - low volatile bituminous A) is given in Table 2.9.
According to Table 2.9 the relationship between the percent ash of 
the sub-samples and HGI is apparent. An increase in percent ash is 
followed by the decrease in the HGI.
Table 2.9. Grindablity Characteristics of the Sub-samples of Coal A.
(After Guner, et al -1964).
’ ’Sanple-'No. Percent Ash 
Dry-baa la
D lotrlbutlon R atio  
% •
H.O.I,
8.00 60.65 ’• ' " 109^4
h 9.20 64.52 104.6
* 2 • 9.50 71.62 1 0 3 .6
■*3 -14.50-' -65.75 ' 98.4
- a4 • 2 3 .2 0 6 5 .16 93 .7
* 5
43.00 6 1.6 2 8 1 .0
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Table 2.10. Grindability Characteristics of the Sub-samples of Coal C. 
(After Guner, et al - 1964).
Sample No, Percent Ash 
Dry-basis
D is trib u tio n  Ratio  
%
H.O.I
C0 *».16 60.82 66.3
ci 4.17 67.67 60.7
c2 *».17 73.39 59.7
C3 *».32 7 0 o l 56.0
Ci» 4.57 68.81. 52.5
C5 5.02 65.53 49.5
c-0 6 .0U 6U.52 *»1.6
The other test result of coal C (Allegheny coal - high vol. A) in Table 
2.10 indicates that for sub-samples Co,Ci and C2 although the percent 
ash content is constant the HG indices decrease with an accompanying 
increase in the values of the size distribution ratio. This result again 




There are three kinds of coal samples used for the experiment work 
such as : Central Banko coal, Suban Jeriji coal and Senakin coal. The 
samples originally came from Indonesia. Central Banko & Suban Jeriji 
coals were of the brown coals type and came from Sumatra island, 
whereas Senakin coal was of the high-volatile bituminous C type coal 
and came from Kalimantan island, (classification of coal rank after Cook - 
1982 as shown in Appendix A). The analysis of the coal samples is given 
in Table 3.1.
TABLE 3.1. Coal Samples Analysis
Analysis Central Banko Suban Jerip Senakin
Moisture (adb, %) 32.28 38.25 3.77
Ash (adb, %) 5.91 2.61 14.93
Volatile Matter (adb, %) 30.50 30.89 40.67
Fixed Carbon (adb, %) 31.31 28.25 40.63
Total Sulphur (adb, %) 0.30 0.40 0.35
Caloric Value (adb, cal/qr) 4324 3966 6478
Ultimate Analysis
Carbon 44.94 42.38 64.95
Hydrogen 6.10 6.63 4.59
Nitrogen 0.63 0.43 1.00
Oxygen 42.12 47.55 14.18
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3.2. HARDGRQVE TEST
3.2.1 PREPARATION OF SAMPLE
3.2.1.1 .Preparation of Hardgrove Machine Test Sample
The standard test method adopted for sampling, crushing, drying 
and sizing the coal ready for the hard grove machine test was according 
to the American Society Testing for Materials (ASTM) D.409 -  85, as well 
as the Hardgrove testing procedure. The scope, apparatus and sample 
preparation steps of the method are given in Appendix B (points 
1-7 ) .
The final product of the preparation was a coal sample with 
particle size fraction of -  1.18 mm + 600 pm (Hardgrove test sample). The 
sample was then put into a sealed container to maintain an air-dried 
moisture level before using it for a grindability test, or preparing it for 
another moisture content test.
In addition to that, modified size fractions of Hardgrove test samples 
were also prepared to find the effect of the feed size fraction on Hardgrove 
Grindability Index (H.G.I). The samples were originally taken from the final 
product of the preparation of the standard Hardgrove test sample 
(-  1.18 mm + 600 pm), then divided into the other size fractions by 
screening it on required aperture size sieves. There were two kinds of 
size fractions which were attempted for this purpose, namely size fractions 
of _ 1.18 mm + 1.00 mm and -  710 pm + 600 pm.
Figure 3.1. A photograph of the Mettler scientific electronic balance.
Figure 3.2. A schematic diagram and a photograph of the Carbolite
minimum-free-surface nitrogen oven.
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3.2.1.2. Preparation of Sample for Different Moisture Contents
3 2,1,2,1- Apparatus
3.2.1.2.1.1. Electronic Balance
The electronic balance was a Mettler scientific balance H.10.T, 
110-220 Volts, 15 Watts, single phase with a maximum capacity of 160 
grams to three decimal places. The balance was used to measure the 
sample weight-loss or weight-increase due to various amounts of 
moisture removed from, or given to the sample. A photograph of the 
electronic balance is shown in Figure 3.1.
3.2.1.2.1.2. Nitrogen Oven
Nitrogen oven of the type Carbolite Minimum-Free-Surface oven, 
240 Volts, 50 Hz, 2.4 Amperes, single phase with a maximum temperature 
of 200° C was used to remove moisture from a coal sample to produce a 
sample with a moisture content below an air-dried level. The oven was 
heated by an electric element. The temperature was adjusted by a 
temperature controller and could be read from a thermocouple meter 
provided. The oven included a nitrogen cooling dessicator to cool the 
sample after the drying process. A schematic diagram and a photograph 
of the nitrogen oven are displayed in Figure 3.2.
Figure 3.3. A photograph of the Clement high suction pump and the 
aessicator.
Figure 3.4. A photograph of the thermostatically controlled water bath.
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3.2.1.2.1.3. Inert Gas
Nitrogen gas of an industrial-dry grade with a purity of 99.5 % was 
used as an inert gas to prevent oxidation of the sample during the drying 
in the oven. The gas was supplied from a pressurized cylinder which had 
a weight of about 50 kg including the gas.
3.2.1.2.1.4. Gas Flowmeter
A rotameter type A1 with a capacity 25 to 600 ml/min was used to 
monitor the gas flow rate from the pressure gas cylinder.
3.2.1.2.1.5. Dessicator and High Suction Pump
In order to obtain a sample with moisture content above an air- 
dried level, a plastic vacuum dessicator with a diameter of 25 cm and a 
Clement high suction pump, 240 Volts, 16 Amperes, 50-60 Hz with a 
maximum suction of 100 -KPa were used to create a given relative 
humidity atmosphere in the dessicator where the sample was exposed. 
The pump was connected to the dessicator and by using a particular 
saturated salt solution designed to provide a constant relative humidity at 
a constant temperature, the required humidity atmosphere could be 
obtained. A photograph of the dessicator and pump is shown in 
Figure 3.3.
Figure 3.5. Drying the wet sample on a Whatman laboratory filter paper
which was put on the suction table.
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3.2.1.2.1.6. Water Bath
A thermostatically controlled water bath with a stirrer, size 90 x 35 
x 45 cm was also used to keep constant temperature in the dessicator for 
obtaining the sample with a moisture content above an air-dried level. 
The water was heated by an electric heating element and set to the 
standard temperature of 30° C by using a thermostatic controller (to 
maintain a bath temperature within ±0.1° C). A photograph of the water 
bath can be seen in Figure 3.4.
3.2.1.2.1.7. Filter Paper and Suction Table,
A Whatman laboratory filter paper diameter of 60 cm and a 
laboratory suction table were used to dry excess moisture on the surface 
of particles of the samples which were prepared for moisture content 
above an air-dried level. The wet sample was placed on the filter paper 
and put on the suction table for about 15 minutes. A photograph of the 
filter paper on the suction table is given in Figure 3.5.
3.2.1.2.2. Preparation procedure
3.2.1.2.2.1- Moisture Content Below an Air-dried Level
The drying preparation was carried out on the Hardgrove test 
sample (fraction of -  1.18 mm + 600 pm) by using the Carbolite Minimum- 
Free-Surface nitrogen oven to obtain a moisture content below an air- 
dried level. The industrial nitrogen gas was streamed to the oven to 
prevent oxidation during the drying process.
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The sample was spread out on an aluminium tray with a layer 
thickness of about 1 cm and the initial weight of the sample was recorded 
before inserting the sample into the oven. The oven was set to the 
standard temperature of 105° - 110° C (most standard method for 
moisture determination) for the range of the time from about 1 to 4 hours, 
depending on the moisture content which would be required. To acquire a 
moisture content level between an air-dried and zero level, the 
decreasing of the sample weight was checked every 15 minutes to avoid 
an over-drying process. However, for a zero moisture level, the sample 
was just placed in the oven for approximately 4 hours until a constant 
weight reached. The sample was then moved into a nitrogen cooling 
dessicator (part of the oven) to be cooled for about 15-20 minutes before 
being weighed. After that, the sample was stored in a sealed container to 
maintain its moisture level.
Since the moisture percentage of the original sample was known, 
the moisture content of the prepared sample could be determined by a 
calculation of the difference between the initial and final weight of the 
sample after drying and corrected with the percentage of its moisture 
content.
3.2.1.2.2.2- Moisture Content Above an Air-dried Level
A vacuum dessicator technique was applied to increase the 
moisture content of the sample above an air-dried level. The technique 
was to expose the sample to the known percentage relative humidity 
atmosphere, which was created in the dessicator, at a constant 
temperature.
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There were two relative humidities which have been established for 
this purpose; the first was 96 % relative humidity to obtain a maximum 
moisture which might be adsorbed by the coal and the second was 84 % 
relative humidity to give a sample with moisture content between an air- 
dried and maximum level. To approach these conditions, the coal sample 
(hard grove test sample) was put in a vacuum dessicator over two 
different salt solutions of known vapour pressure, i.e. K2SO4 for 96 % 
relative humidity and KCI for 84 % relative humidity. To maintain a 
standard temperature at 30° C the dessicator was immersed into the 
thermostatic water bath. The sample was kept in the dessicator for about 
24 hours to reach equilibrium.
The next step was to dry excess moisture or bulk water, which 
was produced on the surface of the particles during preparation, by using 
a laboratory filter paper placed on the suction table for around 20 minutes 
until the condition where the particles did not stick to each other was 
apparent. The moisture content of the prepared sample was determined 
by a dry-basis calculation. The sample was then placed into a sealed 
container to maintain its moisture level before applying the Hardgrove 
test.
3.2.1.2.3. Condition of the Samples
To obtain an effect of moisture content on the H.G.I, there were 5 
different levels of moisture content prepared for Central Banko and Suban 
Jeriji coals and 4 different levels fo Senakin coal. The moisture levels 
obtained for Central Banko & Suban Jeriji Coals were air-dried moisture,
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maximum moisture, minimum moisture, one point between air-dried 
and maximum moisture and one point between air-dried and





Max & air-dried Air-dried
between 
Min & air-dried Minimum
Central Banko 37.15 36 32.6 16 1
Suban Jeriji 45 .15 43.3 38.5 19 1
Senakin 5.8 - 4.05 2 0.2
minimum moisture. For Senakin coal, the moisture levels prepared were 
similar to those coals above except for the point between air-dried and 
maximum moisture where those levels were very close. Therefore that 
point could not be obtained. Table 3.2 shows the approximate percentage 
moisture which were prepared for all samples.
3.2.2. APPARATUS
3.2.2.1. Grindability Machine
The grindability machine was a Wallace Hardgrove machine, 240 
Volts, single phase and had a stationary steel grinding bowl with a 
horizontal track that held eight steel balls, diameter of 25.40 ±0.13 mm. 
The balls were driven by an upper grinding ring which was rotated at 
approximately 20 r.p.m by means of an upper spindle and turned by an 
electric motor through reduction gears. Weight was added to the driving 
spindle so that the total vertical force on the balls, as required, was equal
3 .8 7 5
Note: A ll dimensions 
ore in inches.
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SECTIONAL VIEW
Figure 3.6. A schematic line diagram of the Wallace Hardgrove machine.
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Figure 3.7. A photograph of the Wallace Hardgrove machine.
Figure 3.8. Endecotts mechanical sieving machine
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to 64 lbs (29 kg). The machine was equipped with a counter and 
automatic device for stopping the machine after 60 ± 0.25 revolutions. A 
schematic line diagram of the Hardgrove machine is illustrated in Figure
3.6 and the photograph shown in Figure 3.7.
3.2.2.2. Electronic Balance
The electronic balance used for the Hardgrove index test was a 
Mettler Scientific electrical balance H.10.T, 110 -  220 Volts, 15 Watts, 
single phase with a maximum capacity of 160 grams to three decimal. The 
balance was used to measure the weight product established by the hard 
grove test. A photograph of the balance is previously given in Figure 3.1.
22,,2:3g.Sieves
A wire-cloth test sieve of the type Endecotts standard with an 
aperture size of 75 pm (No. 200) was used to screen the product resulting 
from the Hardgrove test. The sieve had a cover and a receiver with a 
diameter of about 200 mm.
3.2.2.4. Mechanical Sieving Machine.
The mechanical sieving machine used was of the type 
Endecotts EFL 2 MARK II, 220-240 Volts, single phase with a maximum 
capacity of 12 sieves full height 200 mm in diameter. The machine 
included a timer which could be preset for a test of any duration between 




3.2.3.1. Standard Test Method Procedure
The procedure for a series of Hardgrove tests, already mentioned 
previously in this chapter, was adopted from ASTM standard test method 
D.409 - 85 as given in Appendix B . A 50 gram sample was placed in the 
Hardgrove machine bowl to be ground for 60 ±0.25 revolutions. The 
product was then immediately screened in a 75 pm sieve (No.200) on the 
mechanical sieving machine for about 10 minutes. Coal dust from the 
underside of the sieve (under-size) was carefully brushed into the 
receiving pan. The shaking and cleaning of the underside-of-sieve were 
repeated for 2 periods, each of 5 minutes duration for completion of the 
screening process, However, for a wet sample such as the sample with 
moisture content above an air-dried level, the sample was room dried for 
about 24 hours before sieving to avoid the particles sticking to each other 
so that all of the -75 pm particles could be passed through the sieve.
The grindability index (HGI) was determined from the weight of -75 
pm material by comparison with a calibration curve. The weight of -75 pm 
fraction was calculated by subtracting the weight retained on the No.200 
sieve (over-size) from the initial test sample weight.
The calibration curve was determined prior to being used for the 
sample test by testing four certified coal samples of known grindability 
characteristics (grindability indices of 30, 51, 70 and 94). The result and 
curve of calibration test will be given in Chapter 4.
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As manuscripted in Point. 11.1 ASTM D.409 -  85 (Appendix B), 
repeatability of the results on the same sample in same laboratory should 
not differ by more than two index points. A test with an index difference of 
more than two points was rejected and repeated.
3.2.3.2.Volume Basis Procedure (Constant Weight of Dry Solid)
To obtain any significant indication of the effect of moisture on coal 
grindability, a series of hardgrove grindability tests was carried out by 
using a constant weight of dry solid sample instead of a 50 gram sample 
as the standard test method procedure. To achieve this condition each 
sample was measured to the amount of 100 ml when it was in the air- 
dried condition then prepared for the different moisture content levels 
before testing in the Hardgrove machine. After testing, the resulting 
product was treated with the same procedure as the standard test method 
procedure as already explained above.
3.2.3.3. Other Test Procedures
Another test was carried out to find out the effect of the amount of 
dry solid particles on the H.G.I. For this purpose, the procedure was also 
adopted from the A.S.T.M standard test method except for the amount of 
the feed sample which was calculated on a 20 gram dry solid basis.
Figure 3.9. Mettler electronic industrial balance
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3,3. SIZE DISTRIBUTION ANALYSIS
3.3.1. APPARATUS
3.3.1.1. Sieves
A set of wire-cloth circular test sieves of the type Endecotts 
standard, diameter 200 mm, having a cover and a receiver with aperture 
sizes of 850 pm, 710 pm, 600 pm, 425 pm, 250 pm, 125 pm and 75 pm 
respectively was used for the size distribution analysis of an initial feed 
sample and an over-size product (+75 pm) of the Hardgrove test. Another 
set of the same type and diameter of sieve with aperture sizes of 63 pm, 
53 pm, 45 pm and 38 pm was also used for the size distribution test of an 
under-size product (-75 pm) generated by the Hardgrove test.
3.3.1.2. Mechanical Sieving Machine
The mechanical sieving machine used for the size distribution 
analysis was the same type of Endecotts EFL 2 MARK II as described in 
Point 3.2.2.4 of this chapter.
3.3.1.3. Electronic Balance
The electronic industrial scale balance, type Mettler PE 22, 100 - 
240 Volts, 50/60 Hz with a sensitivity of 0.1 grams was used to measure 
the weight of each fraction. The balance had a platform or weighing pan 
of size 350 x 245 mm. A photograph of the balance is shown in 
Figure 3.9.
A = Stereo microscope 
B = Photographic apparatus 
C = Observed sample
D = Electric heating tape
(wound around the copper pipe) 
E = Nitrogen gas 
F = Rotameter
Figure 3.10. A schematic diagram of the experimental set-up for
stereo microscope observation
Figure 3.11. Experimental set-up of the stereo microscope observation.
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3,3.2. ANALYSIS PROCEDURE
To obtain quantitave data about the size distribution of particles in 
the test sample, a series of size distribution tests was carried out on the 
feed, over-size and under-size product of the No 200 sieve (75 pm) from 
the Hardgrove test. The sieves chosen for the test, as noted in section
3.3.1.1 of this chapter, were arranged in a stack with the coarsest sieve on 
the top and the finest on the bottom. The material being analysed was 
placed in the coarsest sieve and the stack was then set on the mechanical 
sieving machine. The duration of the screening process was about 10 
minutes and stopped automatically by the timer. The near mesh particles 
which blocked the screen opening were removed by tapping the frame 
gently. After the required time, the stack was taken apart and each sieve 
was carefully cleaned with a soft brush.
The amount of the material retained on each sieve was then 
weighed by using the electronic balance.
3.4. PHYSICAL TRANSFORMING OBSERVATION ON SINGLE 
PARTICLE
3.4.1. STEREO MICROSCOPE OBSERVATION
3.4.1.1. Apparatus
3.4.1.1.1. Experimental Set Up
A schematic diagram of the apparatus used for the observation is 
given as a line diagram in Figure 3.10 and in a photograph in 
Figure 3.11.
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As can be seen in Figure 3.10 , the industrial nitrogen gas was 
directed to the single particle to be observed through a small copper pipe 
with an opening diameter of about 1.5 mm. The stream of gas was heated 
by winding an electric heating tape around the copper pipe. The flow rate 
of the gas was controlled by a flow meter. Some photographs of the 
observed result were taken by a camera provided on the microscope.
3.4.1.1.2. Stereo Microscope
The Stereo Dissecting Microscope of the type NSK 014, 
manufactured by Nissho Optical Co. Ltd - Japan was used for the 
observation. The microscope was built-up with a dia zoom to give a 
maximum magnification of about 60 times. It also included a light source 
and the intensity of the light could be adjusted by a light illuminator of the 
type Euromex EK-I.
3.4.1.1.3. Photographic Apparatus
The photographic apparatus comprised a camera of the type 
Olympus OM 1, which was fitted on the top of the microscope. A light 
source for the camera came from the microscope light. Black and white 
Alford PNF film, ASA 50 was used for taking the photograph of the particle 
under observation.
3.4.1.1.4. Inert Gas
Nitrogen gas was used as the inert gas to prevent the observed 
particle being oxidized during the process. The gas cylinder had a weight
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of about 50 kgs including gas. The nitrogen gas was of an industrial dry- 
grade with a purity of 99.5 %.
3.4.1.1.5. Gas Flowmeter
A rotameter of the type A1 with capacity between 25 to 600 ml/min. 
was used to monitor the gas flow rate from the pressure cylinder.
3.4.1.1.6. Thermocouple
A thermocouple of the type Gossen B.5.63, made in West Germany 
with a maximum temperature of 200° C was used to measure the 
temperature of the outlet gas. The thermocouple was battery-operated 
and comprised of a thermocouple sensor and a thermocouple meter.
3.4.1.2. Observation Procedure
The sample, as a single particle of air-dried moisture level 
(Hardgrove test sample), was adhered to an aluminium disk. The length 
and width of the particle were measured by using a 0.25 mm scale ruler. 
The sample was then placed under the microscope and the microscope 
light was switched on. Focussing of the sample under the microscope 
could be adjusted by turning the focus controller. High magnification was 
used to get an obvious particle image in order that physical changing of 
the particle could be clearly seen.
The next step was to heat the copper pipe, where the nitrogen gas 
was streamed, by switching on the electric heating tape which was wound
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around the pipe. After the pipe become hot, the nitrogen gas flow was 
directed to the particle. The gas flow rate was adjusted to slow so that the 
particle would not be disintegrated. The temperature of the outlet gas was 
regularly checked by using the thermocouple to keep the standard 
temperature of about 110° C (most standard temperature for moisture 
determination). When the temperature of 110° C was reached then the 
heating tape was switched off for a while so that the temperature of 
110° C could be maintained.
The first photograph on the sample was taken before the heating 
process (on fresh sample). Re-focussing through the camera with a 
maximum light source was done in order to get a good quality of picture. 
Several photographs with exposure time ranging from 1 0 - 6 0  seconds 
were attempted to select the best picture produced. Further pictures were 
taken during the drying process for every 15 to 30 minutes depending on 
the physical transformation happening to the sample; such as changing in 
shape or creation of some new cracks.
3.4.2. SCANNING ELECTRON MICROSCOPE OBSERVATION
3.4.2.1. Apparatus
3.4.2.1.1. Scanning Electron Microscope
The Hitachi Scanning Electron Microscope (SEM) of the type 
S - 450 was used to observe the physical transforming of the sample 
caused by the drying process, i.e. by heating the sample using the hot
Figure 3.12. A photograph of the Hitachi scanning electron microscope 
(SEM).
Figure 3.13. Magnetron sputter coater.
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nitrogen gas as already mentioned in point. 3.3.1. The SEM consisted 
of a vacuum unit and a display unit, which is shown as a photograph in 
Figure 3.12. The magnification ability of this equipment was in the range 
of 20 to 240,000 times.
3.4.2.1.2. Magnetron Sputter Coater
The Magnetron Sputter Coater type Dynavac SC 100 M was used 
to facilitate sputter coating of specimens for electron microscope analysis. 
The magnetron head was an advancement on the old cold cathode 
sputtering process designed to reduce the heating effect on the 
specimens being coated. The sputter coater consisted of three main parts; 
a cabinet, a vacuum chamber and a magnetron sputtering head. Argon 
gas was used as an inert gas during sample coating. A photograph of the 
Magnetron sputter coater is shown in Figure 3.13.
3.4.2.2. Preparation of Sample
The sample being coated was adhered to an aluminium disk (stub). 
The sample was then placed on the adjustable turn table in the vacuum 
chamber of the magnetron sputter coater. The turn table was adjusted so 
that there was a distance of 40 - 50 mm between the specimen and the 
gold target on the head. The vacuum button was switched on to evacuate 
air from the vacuum chamber. After the vacuum had reached 100 pm, the 
gas admit knob was slowly turned anti-clockwise (admitting the argon gas 
in the chamber) until the vacuum in the chamber decreased to 300 pm. 
The gas admit knob was turned back slowly clockwise to obtain a vacuum 
level of between 100 - 150 pm. Then the sputtering control switch was
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turned to the "Timed" position so the sputtering red lamp would be 
energized. The sputter current was slowly adjusted until the order of 40 to 
80 mA was given. When the preset time was still in process, the sputtering 
red lamp was turned off and the "Timed Up" indication on the timer 
remained on. The sputter control switch was turned to the central "Off" 
position. The air admit control knob was opened and the sputtering head 
was lifted to its vertical rest position. The specimen was then removed 
from the turn table for electron microscope observation.
3.4.2.3. Observation Procedure
The water pump was turned on to circulate the water through the 
cooling system for the electron microscope. The liquid nitrogen tank had 
to be full before operation of the equipment. The electric power for the 
vacuum unit and the display unit was switched on and left for about 30 
minutes to warm up until the warm up lamp and high vacuum lamp were 
displayed. After that the air button was turn on to release the pressure so 
that the specimen stage could be pulled out and the specimen was 
placed on the stage. The specimen stage was then pushed back into the 
initial position. The evacuation button was switched on to evacuate air 
from the vacuum unit. A light signalled when the high vacuum condition 
was reached.
The next step was to operate the display unit which was started by 
turning on the electric potential (KV and SE) buttons and adjusting the 
acceleration voltage button to 20 KV. The filament current was also 
adjusted to produce an emission current of approximately 30 pm. The 
correct value of emission current was predicted by pressing the focus
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monitor button which produced a scan-line on the screen. The suitable 
emission current was at the widest intensity on the scan-line. A clear 
image of the sample on screen could be established by adjusting the 
contrast and brightness buttons. The scan-line was also used as a guide 
to adjust the contrast and brightness. A good image resulted by adjusting 
the scan-line to the middle of the screen and the intensity width to about 1 
cm. After that the focus monitor was switched off and the clear image of 
the sample appeared on the screen. Position of the sample could be 
adjusted from left to right and from top to bottom by adjusting the X and Y 
stage controls. The tilt of the sample could also be adjusted to get the 
appropriate position. Focussing of the image was adjusted by turning the 
coarse and fine focus controls. High magnification was chosen to get a 
sharp image when focussing.
A photograph of the image which was shown on screen was taken 
by pressing the photo button. Before taking a photograph, the camera was 
checked to ensure that the film was advanced and the shield was 
removed. Film of the type Pan F, ASA 50 with size of 120 mm was used 
for the photographs.
Mass - 75 pm (gram)






The calibration chart, shown in Figure 4.1, was determined from 
the results of the testing of four standard reference samples in the 
grindability machine used by applying the procedure outlined in the 
ASTM Standard Method D.409 -  85 (Section 5). The results of the tests 
are given in Table 4.1. The chart was constructed by plotting on linear 
scale coordinates the calculated weight of materials passing No.200 
sieve ( 50 ±0.01 grams minus the weight remaining on the No.200 sieve ) 
versus the Hardgrove Grindability Index (HGI) for that standard reference 
sample. A straight line was fitted to these four points by the method of 
least squares. The chart was then applied to determine the Hardgrove 
Grindability Index of the test coals.
TABLE 4.1 Result of the Calibration Test.















4.1.2. CALCULATION METHOD FOR THE HGl DETERMINATION
All the results of the Hardgrove grindability tests were calculated on 
a dry basis since two coal samples used for the experiments, as low-rank 
coals, may have released significant moisture during the test which could 
have led to an error in determining the Hardgrove Grindability Index. The 
grindability test of one portion of the feed sample, therefore, was 
conducted immediately after weighing and a 5 grams sample for that total 
moisture determination was also weighed at the same time according to 
the ASTM D 3302 Test Method for total moisture in coal. At the end of the 
test, the materials passing and retained on the No.200 sieve were 
weighed and the moisture determination was carried out by the same 
procedure as above. The results were then calculated on dry basis which 
can be formulated as follows :
mi -  m2 = m3 ..................... ( 4.1 )
m3/nm x M = rrn ...................... (4.2)
where,
mi = weight of feed (dry basis; after subtracting moisture).
m2= weight of material retained on the No.200 sieve (dry basis; after 
subtracting moisture)
M = Original weight of feed (including moisture; e.g 50 grams for tests 
using standard test method).
m4= weight of material passing the N0.200 sieve and used for HGl 
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Figure 4.2. Plot of the HGI versus % moisture of Central Banko coal





Figure 4.3. Plot of the HGI versus % moisture of Suban Jeriji coal 





Figure 4.4. Plot of the HGI versus % moisture of Senakin coal
(standard constant weight basis experiment).
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However, for the grindability tests where the weight of the feed 
sample (M ) was not equal to 50 grams, either more or less than that, and 
since the calbration chart was constructed by using 50 grams samples, 
the calculation was followed by :
50 / M x m4 = m4' ..........................( 4.3 )
where,
m4' = Weight of material passing the No. 200 sieve after correcting 
to the 50 grams sample (used for the HGI determination from the 
chart).
4.2. EFFECT OF MOISTURE ON THE HARDGRQVE GRINDABILITY 
INDEX
4.2.1. STANDARD TEST METHOD EXPERIMENT
The experimental results of each of three coals from Central Banko, 
Suban Jeriji and Senakin by using the standard weight of 50 ±  0.01 
grams sample according to the ASTM D.409-85 (constant weight sample) 
at different moisture contents are given in Appendix C,D and E, and 
summarized as a plot of moisture content against Hardgrove Grindability 
Index (HGI) in Figures 4.2, 4.3 and 4.4. It can be seen from these figures 
that the moisture in coal basically affected its grindability (HGI),especially 
for coals from Central Banko and Suban Jeriji (Figure 4.2 and 4.3). The 
results above, therefore, are in agreement with the previous general 
statement of the effect of moisture on coal grindability reported by several
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authors such as : Fitton, et al (1957), Ghosal, et al (1958), Luckie, et al 
(1976) and Brozozowski and Benkendorff (1984).
However, for coal from Senakin there was only slight change in the 
HGI caused by the different moisture content. A probable explanation for 
this is that Senakin coal is a high volatile bituminous C type coal which 
has a maximum inherent moisture content much less than that of Central 
Banko and Suban Jeriji coals which are low-rank brown coals type 
(classification of coal rank after Cook-1982 - shown in Appendix A). The 
maximum inherent moisture of Senakin coal was only 6 % whereas 
Central Banko was about 38% and Suban Jeriji coals was 46 %.
Figure 4.2 shows that, for Central Banko coal, decreasing the 
moisture below an air-dried level from 32 % to 17 % moisture resulted in 
the decreasing of HGI from 75 to 64. However, with a further drying to 
about 3 % moisture the index rose again to approximately 72. In addition 
to that, for extra moisture over an air-dried level there was also a tendency 
for the index to rise from 75 to 84. Figure 4.2 also shows that the resultant 
curve is similar to the curve for moisture against HGI of North Dakota 
lignites as reported by Ellmann and Belter (1955) and shown in 
Figure 2.2.
The region below 17 % moisture, where the index increased as the 
moisture decreased, was also indentical to that reported by Fitton, et al 
(1957) who found that, for a particular non-caking coal, drying the coal 
below its air-dried moisture content increased the ease with which the 
coal may be ground as shown in Table 2.5. However, the influence of 




Figure 4.5. Plot of HGI versus % moisture for Collie coal. 
(After Brozozowski and Benkendorff - 1984).
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the coal; i.e the non-caking coals may be more friable at 100° C than at 
atmospheric temperature especially for low-volatile coal. The result for the 
region below 17 % moisture was also similar to that reported by Lebedev, 
et al (1979) who observed that decreasing the moisture content of the 
coal made the grinding of the coal easier as they indicated that the 
specific surface of dispersed dry coals and anthracites was greater than 
that of wet materials, as shown in Figure 2.15. A possible reason was that 
the wetting action of the adsorption layers of the coal produced a 
reduction of the coefficient of friction. Brozozwski and Benkendorff (1984) 
also reported the indentical results as above, that for most coals the HGI 
increased as moisture was reduced, especially for low-rank coals such as 
Collie coal as illustrated in Figure 4.5.
A possible reason for the similarities above is that Central Banko 
coal is a low-rank non-caking type coal which was of the same type as 
the coals used by the authors mentioned before. Furthermore, the 
experimental evidence in the present study showed that decreasing the 
moisture below air-dried level, particularly below 17 % moisture level, 
created some cracks in the coal particles which might have enhanced 
easier coal grindability as will be discussed later in this chapter.
The region between 17 % to 32 % moisture where the index 
decreased as the moisture decreased may be explained as follows. 
Decreasing the moisture below its air dried level (32 %) to 17 % moisture, 
as experimentally observed, resulted in the particle shrinkage but was 
not really followed by the particle cracking . Therefore, this might 
produce a more compact particle which may lead to the coal being harder 
to grind as indicated by decrease in the HGI.
56
Increasing the moisture above 32 % , as experimentally observed, 
resulted in the swelling of the coal particles. This swelling possibly 
resulted in the fragmentation of the coal structure, as also noted by 
Sapienza, et al (1984), which produced the coal that is easier to grind. 
Therefore, increase of the moisture above this level was acompanied by 
an increase in the HGI.
In Figure 4.3 it can be seen that, for Suban Jeriji coal, drying the 
coal below its air-dried level from 38 % to 19 % of moisture decreased 
HGI from 93 to 86 for the similar reason as with Central Banko coal 
presented earlier. With further drying to about 3 % moisture the index 
remained constant. By exceeding the moisture over an air-dried level 
(38 %) to about 43 % of moisture the index increased to the maximum of 
98 points. However, giving additional excess moisture above 43 % 
resulted in a remarkable decrease of the index from 98 to 83. For the 
region between 20 % -  40 %, noting that no experimental results are 
available between these two values, it is nevertheless considered that it 
would be most unusual if the results in this moisture region were too 
different from that as drawn in Figure 4.3. In other words, it may be 
expected that from 20 % moisture here the trend is similar to that for the 
North Dakota lignites reported by Ellmann and Belter (1955) as given in 
Figure 2.2. The reason is that Suban Jeriji coal is of similar rank and 
similar maximum moisture content to the North Dakota lignites. The region 
above 43 % of moisture, however, gave an opposite result to those of 
North Dakota lignites. A possible reason may be that the excess moisture 
caused agglomeration of finer coal in the Hardgrove machine (which was 
experimentally observed), resulting in a waste in energy by regrinding
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some portion of the finer coal. It should be noted that the high moisture 
region is of little interest in practice as all the surface moisture and some 
equilibrium moisture of the lignites, as reported by Ellmann and Belter 
(1955), is evaporated during pulverization with a hot-air sweep. The 
moisture content of the coal in the grinding zone of the mill was 
generally between 10 % - 25 % moisture. Thus grindability versus 
moisture indices above the equilibrium level are unlikely to be of interest 
in pulverized fuel combustion practice.
Senakin coal, as can be seen in Figure 4.4, had only a small 
change in the HGI at different moisture levels but that trend was still 
comparable to the results reported by previous authors as mentioned 
before. Drying the coal below its air-dried level increased the index by 
only two points from 31 to 33. Moreover, raising the moisture over the air- 
dried level also increased the index from 31 to 36. As can clearly be 
seen from Figure 4.4 Senakin coal had only a small range of inherent 
moisture from 0.2 % to about 6 % since Senakin coal is a high volatile 
bituminous C type coal. Therefore, the influence of moisture on its 
grindability might not appear as obvious as in coals from Central Banko 
and Suban Jeriji which are of the brown coal type and had wide ranges 
of inherent moisture to about 40 % moisture.
4.2.2. CONSTANT VOLUME BASIS EXPERIMENT ^CONSTANT 
WEIGHT OF DRY SOLIDV
As described in Section 3.2.3.2 to obtain a more rational indication 
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Figure 4.8. Plot of the HGI versus % moisture of Senakin coal for 
different feed measurement.
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grindability tests was carried out by using a constant volume feed 
(constant weight of dry solid) sample instead of 50 grams samples as is 
the case with the standard constant weight procedure. To approach this 
condition each sample was measured to the amount of 100 ml when it 
was in an air-dried condition then prepared for the different moisture 
content level before testing in the Hardgrove machine. The volumetric 
measure was considered, ideally, to standardize grinding conditions 
where the samples of particular coal consisted of the same number of 
particles of uniform size and having a constant total surface area at 
different moisture content.
The results of the constant volume basis experiments of each coal 
from Central Banko, Suban Jeriji and Senakin are given in Appendix F, G 
and H, and summarized and compared to the results of standard 
constant weight procedure in Figures 4.6, 4.7 and 4.8. It can be seen from 
these figures that there are both similarities and differences in the results 
of the constant volume basis experiments and the results of the standard 
constant weight experiments.
Figure 4.6 shows that, for Central Banko coal, the HGI -  % moisture 
plot of the different procedures resulted in a quite similar trend of the 
curves except for some differences in the indices, especially for the region 
below 5 % moisture which gave the maximum difference in the index of 
about 15 points.
From Figure 4.7 it can also be seen that, for Suban Jeriji coal, 
using the two different procedures gave a remarkable difference in the 
indices, as well as in the curve trends. The largest difference in the index
Figure 4.9. A comparison plot of % moisture versus weight of dry solid
between standard constant weight and constant volume feed
for Central Banko coal.
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Figure 4.10. A comparison plot of % moisture versus weight of dry solid
between standard constant weight and constant volume feed
for Suban Jeriji coal.
% Moisture
Figure 4.11. A comparison plot of % moisture versus weight of dry solid
between standard constant weight and constant volume feed
for Senakin coal.
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was in the region below 5 % moisture (17 points). For the region below 
20 % moisture the constant volume basis curve had a tendency to rise as 
the moisture content decreased whereas the standard constant weight 
basis curve had a tendency to remain constant as the moisture content 
decreased.
The results in Figure 4.7, especially for the region below 36 % 
moisture, are in line with the experimental results reported by Black 
(1936) using both constant weight and volume of different specific gravity 
samples (Figure 2.3a), in that a given coal weight and volume measure 
can give opposite trends in grindability. From this point of view both 
Suban Jeriji coal, below about 36 % moisture (Fig 4.7) and Central Banko 
coal, below about 15 % moisture (Fig 4.6) follow the above trend but 
Senakin coal (Fig 4.8) is opposite.
The above results are most likely the result of the differences in the 
number of coal particles present at different moisture contents in the two 
test procedures. Figures 4.9 -  4.11 show the weight of dry coal, which is a 
measure of the number of coal particles present, at different moistures for 
the two test procedures.
The comparisons of the number of particles (or the weight of dry 
solid particles) at different moisture content for standard constant weight 
and constant volume basis for the three coals used are given in Figure 
4.9, 4.10 and 4.11. These three figures show that, as expected, the 
constant volume basis actually gave the same number of particles at 
different moisture content as indicated by the same weight of dry solid. 
However, the standard constant weight basis, as also expected, resulted
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in the different weight of dry solid at different moisture level where the 
higher the moisture level, the lesser amount of dry solids present.
By inspection, the results in Figures 4.9 -  4.11 explain reasonably 
well the observed differences referred to above for these coals. In 
essence, for otherwise similar conditions of the coal mechanical 
properties, HGI is a function of the number of coal particles present in the 
Hardgrove machine. For example, it can be seen from Figure 4.10 that, for 
given moisture content; e.g below 33 % moisture, the different procedures 
give a different amount of solid particles and that constant volume basis 
had a smaller amount of solid particles which resulted in higher HGI. 
This result is expected since the smaller amount of coal particles 
occupied smaller volume in the Hardgrove machine which would 
produce a greater rate of fines production or higher HGI.
The results of the two different procedures for Senakin coal in 
Figure 4.8 follow the results in Fig 4.11 and the latter also explains why for 
this coal HGI values at constant weight are above those at constant 
volume (Fig 4.8).
It is clear from Figures 4,6, 4.7 and 4.8 that the two curves resulting 
from the different procedures (constant weight and constant volume 
basis) show different effect of moisture on coal grindability. However, the 
volumetric measure might provide a more meaningful basis for feed and 
product assessment since, for a given coal, each of the prepared samples 
at different moisture content theoretically contain the same number of 
particles. By contrast to that, equal weights of feed materials with the 
same size distribution contain different numbers of particles. Therefore,
3
% Moisture
Figure 4.12. Plot of the ratio HGI /  weight of dry solid as a function of




















1 i ---------<---------1--------- »---------1---------1---------1--------- 1--------- 1---------1---------
0 1 0 20 30 40 50
% Moisture
Figure 4.13. Plot of the ratio HGI / weight of dry solid as a function of
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Figure 4.14. Plot of the ratio HGI / weight of dry solid as a function of
% moisture for Senakin coal.
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the constant volume basis experiments should give a more rational basis 
for analyzing the effect of moisture on coal grindability by ensuring that 
moisture as such is the only variable in the grinding process.
From the above viewpoint, it may be of interest to compare the plot 
of the HGI against % moisture in Figures 4.6 and 4.7 with the plot of the 
ratio of HGI / gram of dry solid against % moisture shown in Figure 4.12 
and 4.13. Thus comparing, for example, Fig. 4.6 and Fig. 4.12, it can be 
seen that the plots of the constant volume basis experiments result in the 
identical trends of the curves for all moistures since the correlation 
between the HGI and % moisture is not affected by the weight of dry solid 
factor. However, the comparison of the two plots of the standard weight 
basis experiment shows that there is a difference in the curves especially 
in the lowest moisture region. A possible reason for this difference is that 
the sample of standard weight basis with the lowest moisture level 
contained the highest amount of dry solid and occupied the biggest 
volume in the Hardgrove machine which possibly caused a lower rate of 
fines production and hence a lower HGI . This result shows that, for the 
standard weight basis, the correlation between the HGI and % moisture is 
affected by the weight or amount of dry solid. It should be noted that under 
otherwise constant conditions specific grindability, i.e. grindability per unit 
mass, should be constant (Austin and Klimpel - 1964). The fact that for 
the coals considered here specific grindability is not constant but it varies 
with moisture (Figures 4.12-4.14) is a strong indication that moisture, in 
its own right, affects the coal grindablity. The true relationship between the 
HGI and the moisture, therefore, is more likely to be associated with a 
constant volume basis experiment than with a constant weight basis 
experiment.
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The comparison of the plot of HGI against % moisture (Fig. 4.8) 
and the plot of the ratio of HGI / unit weight of dry solid against % moisture 
(Fig. 4.14) for Senakin coal, however, shows a similar trend of both 
curves. This is almost certainly due to the small range of the moisture in 
Senakin coal which also produced the reasonably constant weight of dry 
solid at different moisture level for both constant weight and constant 
volume procedures (Fig 4.11).
In addition to the above analysis, it should be noted that for 
Hardgrove grindability assessment it is usually assumed that Rittinger's 
law may be applied (Agus and Waters - 1972), i.e that the energy 
consumed in the grinding process is proportional to the area of new 
surfaces created, so then the volume basis has the advantage in giving 
an estimate of surface areas, irrespective of the weight of the materials.
The volume measure basis has also been applied to determine the 
grindability of different density / specific gravity materials by several 
authors such as Black (1936), Yancey and Geer(1936) and Agus and 
Waters (1971, 1972). In their conclusions it was stated that the constant 
volume experiments produced satisfactory and more meaningful results 
compared to the results of the standard constant weight basis 
experiments.
The curves of constant volume basis experiments for each coal 
from Central Banko, Suban Jeriji and Senakin as given in Figures 4.6, 4.7 






Figure 4.15. Comparison curves of Central Banko and Suban Jeriji coals
by using the constant volume feed.
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moisture on coal grindablity rather than the curves of standard constant 
weight basis experiments.
In Figure 4.15 , the constant volume basis experiment results of 
Central Banko and Suban Jeriji coals are analyzed together since these 
two coals have the similar composition and rank as noted in Section 3.1. 
From Figure 4.15 it can be seen that drying both coals below 20 % 
moisture content resulted in the coals being easier to grind as indicated 
by the increase in the HGI. The region between 20 % moisture to air-dried 
moisture level (32 % for Central Banko and 38 % for Suban Jeriji coal) 
also produced a similar trend where the index increased as the moisture 
content increased. These curves are therefore similar to the curves of 
North Dakota lignites reported by Ellmann and Belter (1955) as given in 
Figure 2.2 since Central Banko and Suban Jeriji coals were of the similar 
rank and contained an almost identical amount of moisture as the North 
Dakota lignites. The region above an air-dried level resulted in the 
opposite trend of the two curves. However, as noted earlier the results of 
this region are probably not comparable since in samples with moisture 
content above an air-dried level agglomeration of finer coal may have 
introduced differences which would otherwise not exist with lump coal 
grinding.
The constant volume basis results of Senakin coal, as can be seen 
in Figure 4.8, show that it was slightly advantageous to dry the coal below 
its air-dried level (4% moisture) to produce a coal which was easier to 
grind. Although the result of the region above an air-dried level was not 
always accurate, Senakin coal, however, showed that increasing 
moisture content to about 6 % of moisture resulted in a reasonably higher
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index of about 37 which was different by 9 points from the index of the air- 
dried moisture level. A possible reason for this effect may be that, as 
noted earlier, increasing the moisture resulted in the swelling of the coal 
particles which might result in the fragmentation of the coal structure, 
hence producing the coal that is easier to grind.
The experimental evidence above , therefore, indicates that the 
effect of moisture on coal grindability is very significant. In general, it might 
be stated that drying the present coal below its air-dried level (below a 
particular percentage of moisture level) enhanced its grindability. 
A possible reason is that removing the moisture from the coal produced 
more cracks in the coal particles, as discussed later in this chapter, which 
led to the coal being easier to grind. Yet, increasing the moisture above 
its air-dried level gave dissimilar results for the reasons presented earlier. 
However, drying the coal below its air-dried level is advisable especially 
for combustion purposes since in practice it will give some other 
advantages to the combustion process in achieving the required 
temperature and combustion efficiency.
4.3. THE RELATIONSHIP BETWEEN THE AMOUNT OF DRY SOLID 
PARTICLES AND THE HGI.
To find the relationship between the amount (weight) of dry solid of 
the sample and the HGI, experiments using a 20 grams dry solid basis 
(on air-dried condition) were carried out on all of the coal samples. The 
results are given in Appendix I and analyzed together with previous HGI 
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Figure 4.16. Plot of the HGI as a function of the weight of dry solid for
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Figure 4.17. Plot of the weight dry solid versus HGI for all experiment
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Figure 4.18. Plot of the weight dry solid versus HGI for all experiment
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Figure 4.19. Plot of the weight dry solid versus HGI for all experiment
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constant weight and constant volume of air-dried samples, as a plot of 
weight dry solid versus HGI shown in Figure 4.16.
From Figure 4.16 it is found that, for a given moisture content, the 
difference in the amount of dry solid in the sample resulted in a difference 
in the HGI. All results show that, for the same moisture content samples, 
there is a straight line relationship between the weight of dry solid and the 
HGI where the lesser weight of dry solid resulted in higher HGI. For 
example for Central Banko coal, a 20 grams dry solid resulted in the 
much higher index (92.5) than a 34 grams dry solid (75) although both 
samples contained the same moisture (32.5 %).
However, from Figures 4.17, 4.18 and 4.19 it can be seen that the 
relationship between the weight of dry solid and the HGI for all samples 
with different moisture contents is relatively broad. A possible reason for 
this is that the HGI's for the samples with different moisture contents have 
been influenced by the difference in moisture itself, as well as by the 
difference in weight of dry solid so that it produced a broad correlation.
Furthermore, it also may be of interest to compare the correlation 
between the amount of dry solid and the HGI of the different HGI testing 
procedures ( constant weight and constant volume feed sample). For 
particular results of the standard constant weight sample, to some extent 
the correlation between the amount of dry solid and the HGI could be 
seen. For example, the result of Central Banko coal where each sample 
produced a different amount of dry solid particles due to different levels of 
moisture content is shown in Figure 4.20. It can be seen that for the region 
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Figure 4.21. Plot of weight dry solid versus HGI using constant volume
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Figure 4.22. Plot of weight dry solid versus HGI using standard constant
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Figure 4. 24. Plot of weight dry solid versus HGI using standard constant 
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Figure 4.25. Plot of weight dry solid versus HGI using constant volume
sample for Senakin coal.
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relationship where HGI increased as the weight of dry solid decreased. In 
contrast to that, the region above 42 gram dry solid gave the result where 
the higher amount of dry solid also resulted in higher HGI. However, an 
explanation for this, as already mentioned before, is that drying the coal 
below its air-dried level created more cracks in the coal particles which 
may have caused the coal to be easier to be ground. This result, 
therefore, might produce an uncertain conclusion of the effect of moisture 
itself on the coal grindability since the effect of the amount of dry solid on 
HGI is also likely to be a contributing factor.
Figure 4.21 shows the relationship between the amount of dry solid 
and the HGI for the result of Central Banko coal by using constant volume 
basis method. It can clearly be seen that the samples with constant mass 
(constant weight of dry solid) at different moisture levels resulted in 
different HGI's. This result, therefore, leads to a more rational conclusion 
of the effect of moisture on coal grindability since in this case change in 
the HGI could only be caused by the different moisture level.
The comparison of the correlation between the amount of dry solid 
and the HGI by using the different HGI testing procedures for Suban Jeriji 
and Senakin coals also show similar results to that for Central Banko 
coal as shown in Figures 4.22 -4.25.
The above results , therefore, support the explanation of the effect 
of moisture on coal grindability as given in Section 4.2 where the 
constant volume experiment produced the preferable result to analyze the 
effect of moisture on coal grindability.
After 4 hrs drying
After 2 hrs drying
Figure 4.26. Result of the stereo microscope observation for Central 
Banko coal
Figure 4.27. SEM image of Central Banko coal after drying for 4 hours.
Figure 4.28. Result of the stereo microscope observation fo Suban Jeriji 
coal.
50 x magnification
250 x m agnification
500 x magnification
Figure 4.29. SEM image of Suban Jeriji coal after drying for 4 hour.
50 x m agnification 500 x magnification
Figure 4.30. SEM image of Senakin coal after drying for 4 hours.
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4.4. EFFECT OF THE DRYING ON COAL PHYSICAL CHANGES.
The observation of the coal physical changes as an effect of the 
drying was carried out by using two types of microscope, viz stereo 
microscope and scanning electron microscope (SEM). The observation 
was conducted on fresh single particle samples to obtain information of 
any changes in the particle structure caused by the drying process. The 
results are presented in Figures 4.26 - 4.30.
The results of the observation showed that drying the coal below 
the air-dried moisture level firstly resulted in the particle shrinkage and 
after about 1 hour, further drying created some cracks in the coal particles 
especially for Central Banko and Suban Jeriji coals which were of the 
brown coals type and contained very high moisture content. The cracks 
were probably created due to an extensive particle contraction which was 
experimentally observed. This reason was also noted by Deevi and 
Suuberg (1987) who found that drying of Western US lignites at low 
relative humidity had a tendency to result in macroscopic cracking.
The most notable result of the observation under the stereo 
microscope was on Central Banko coal as shown in Figure 4.26. After 
drying for about 1 hour some cracks in the particle were gradually 
created. After prolonged drying to about 4 hour, more cracks were 
continuously produced and the initial cracks became more extensive as 
indicated by the arrow (Fig. 4.26).
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In addition to the above, to obtain a more enhanced picture of the 
cracks created, the dried sample was then observed by the SEM at a 
magnification of 40 and 500 x. The result is given in Figure 4.27.
Although it was experimentally observed that the similar 
phenomenon and cracks also resulted as an effect of drying on Suban 
Jeriji coal, the stereo microscope photograph could not produce a 
clear picture of the cracks except in the area indicated by the arrow 
as shown in Figure 4.28. The unclear picture was caused by the difficulty 
to focus an image of the small crack on the dark object like coal under 
the stereo microscope. The observation of the dried sample under the 
SEM, however, produced a viewable picture of the cracks particularly at 
the magnification of 500 x as given in Figure 4.29.
As can be seen from Figures 4.26 and 4.28 the cracks resulting in 
both Central Banko and Suban Jeriji coals were first created within the 
period of drying time of 1-11/2 hour i.e during the fast drying rate period. 
The rate of the drying was experimentally determined by measuring the 
moisture content of the HGI sample when it was prepared for the tests with 
different moisture levels (Table 4.2). A probable reason for the cracks 
forming in the high drying rate period is that of the differential contraction 
in the coal particle. This reason is supported by Evans (1973) who stated 
that, for his experiments of the shrinkage on coal drying, if drying rates 
were high enough an appreciable moisture gradient could be established 
from the core to the surface of the coal sample, with the possibility of 
differential contraction and hence cracking.
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Although the drying of Senakin coal also resulted in a slight 
increase in the HGI (Fig 4.8), the observation by using both microscopes 
(stereo and SEM), however, did not produce any evidence of cracking in 
the coal particle as shown in SEM image in Figure 4.30. The most 
probable reason for this lack of cracking is that the moisture content in 
Senakin coal - a high rank coal - is very low to really effect the structural 
changes when the coal was being dried.
TABLE 4.2. Rate of Coal Drying
Sample % moisture loss after period of drying time
0.5 hr 1 hr 1.5 hr 2 hr 3 hr 4 hr
Central Banko 7 16 26 30 32 32
Suban Jeriji 7 18 28 35 37 38
Senakin 0.5 2 3 4 4 4
In summary, the experimental evidence above shows that the 
moisture in coal obviously affected the coal structure, especially in low 
rank coal which contains very high moisture. Drying the coal below the 
air-dried moisture level resulted in the particle shrinkage and created 
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Figure 4.31. Plot of the ratio new / initial specific surface against 
the HGI for all coal samples.
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4.5. THE RELATIONSHIP BETWEEN THE SIZE FRACTION AND
IHEHSI
As mentioned in Chapter 3, to obtain any information of the effect of 
feed size fraction, as well as moisture distribution of that size fraction, on 
the HGI some Hardgrove tests were carried out using a 50 gram 
modified-size-fraction sample in an air-dried condition. There were two 
size fractions prepared for this purpose, viz : -  1.18 mm + 1.00 mm and 
-  710 pm + 600 pm. The results of the test are given in Appendices J, K 
and L and analyzed together with the result of standard weight sample 
(size fractions of -1.18mm + 600 pm) in a plot of the HGI versus specific 
surface ratio (new / initial), as presented in Figures 4.31.
The specific surface of each size fraction was calculated on dry 
basis and defined as the mean size of that size fraction . For convinience, 
the curve of mineral calcite (Figure 2.16) was used because for a given 
material the values are corresponding proportional (After Foust, et al - 
1960). The specific surface was calculated as follows, e.g for Central 
Banko coal of size fraction -  1.18 mm + 1.00 mm with 32 % moisture 
content had a mean size of 1.09 mm and 34 gr dry solid particles (intial 
feed weight minus the moisture content). Since from the chart 1 gr particle 
of size fraction 1.09 mm possesses about 55 cm2 of specific surface, 
therefore 34 gr had the specific surface of about 1,870 cm2. The 
summarized results of calculations of the ratio new / initial specific surface 
are given in Table 4.3.
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TABLE 4.3. Calculated surface area ratio of the Different Size Fraction 
Experiments.




Ratio new /initial 
sp. surface
HGI
Central Banko -1.18 m m + 1.00 mm 32.0 34.00 4.38 65
Central Banko -1 .18  m m + 600 pm 32.6 33.70 3.82 75
Central Banko -  710 pm + 600 pm 31.5 34.25 3.63 73
Suban Jeríji -1 .1 8  mm +1.00 mm 39.7 30.15 4.90 75
Suban Jeríji -1 .1 8  m m + 600 pm 39.4 30.30 4.27 93
Suban Jeríji -  710 pm + 600 pm 38.4 30.80 4.03 93
Senakin -1 .1 8  m m + 1.00 mm 4.1 47.95 2.82 28
Senakin -1.18 mm + 600 pm 4.1 47.95 2.46 31
Senakin -  710 pm + 600 pm 4.1 47.95 2.31 32
From Figure 4.31 it can be seen that, for all samples, there is direct 
relationship between the HGI and the ratio of new / initial specific surface. 
From Table 4.3 it also can be seen that the moisture content of different 
size fractions were approximately similar. For example three different size 
fractions of -  1.18 mm + 1.00 mm, -  1.18 mm + 600 pm and -  710 pm + 
600 pm of Central Banko coal contained 32 %, 32.6 % and 31.5 % 
moisture, respectively. Since the moistures of each fraction of the same 
coal were similar, hence, the effect of the moisture on the grindability was 
also possibly same. In other words, in this case the grindability was only 
affected by the size fraction of the sample. The results in Fig 4.31, 
therefore, support the applicability of Rittinger's law for the Hardgrove
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grindability assessment - something that was previously only assumed 
(Agus and Waters - 1972).
It should be noticed that in the above tests it is assumed that the 
effect of moisture on the grindability was similar for each size fraction of 
the feed sample. This is reasonable. In summary, the above results show 
that HGI is affected by the size distribution of the coal sample used for the 
Hardgrove grindability test. This condition is therefore identical to that 
reported by Callcott for British coals (1956, 1957). It is also clear from the 
above results that in each case the HGI value of the standard test sample 
(-1.18 mm + 600 pm) is almost identical to that of the -  710 pm + 600 pm 
sample and is significantly different from that of the -1 .18  mm + 1.00 mm 
sample. This result therefore highlights the importance of the size 
distribution of the test sample used for Hardgrove grindability 
measurements. It evidently also says something about the grinding 
process itself.
4.6. SIZE DISTRIBUTION ANALYSIS
To find out more about the effect of moisture on coal grindability 
and at the same time shed some light on the grinding process, size 
distribution analyzes were carried out on the feed sample and the 
products of the Hardgrove test viz. the over-size and the under-size of the 
75 pm sieve. The sieves used to analyze the over-size product , as 
mentioned in Chapter 3, were 850,710,600,425,250,125 and 75 pm, and 
to analyze the under-size product the sieves used were 63,53,45 and 
38 pm. The results of the size distribution analysis of all experiments
y = - 5 6 .86 7  + 8.3638X R A2 = 0 .993
F e e d :
O v e r  size:
y = - 1 0 .3 7 3 + 1.7054X 
y = - 9 .9 8 5 8 +  1.6284X 
y = - 1 0 .3 9 3 + 1.7097X 
y = - 1 0 .7 0 8 + 1.7634X 
y = - 10.608 + 1.7461 x
under size:
y = - 27 .828  + 6.7998X 
y = - 1 9 .5 8 8 + 4.9806X 
y = - 52 .700  + 12.862X 
y = -2 0 .7 8 1  + 5 .16 7 8 X  
y = - 3 3 .74 7  +  8 .0598x
O F e e d
□  O / S  sal 
o O / S  sat* 
a  O / S  nat
□  O / S  od* 
x  O / S  od  
k  U/S sat 
• U/S sat* 
a U/S nat
R A2 = 0.996  
R A2 = 0 .994  
R A2 = 0 .997  
R A2 = 0 .997 
R A2 = 0.996
R A2 =  0.998 
R A2 = 0.940 
R A2 =  0.925 
R A2 =  0.881 
R A2 = 0.979
in X
c U/S o d ’
k  U/S od
Figure 4.32 Plot of In X against In (-In R) of product size distribution
of standard constant weight experiment for Central Banko 
coal, where :
X = particle size
R = cumulative fraction greater than particle size, X
F e e d :
In X
y = - 56.891 + 8.3668x RA2 = 0.993
over size:
y =  -1 0 .3 1 7  + 1.6683X R A2 = 0.994 
y =  -1 0 .1 4 3  + 1.6430X R A2 = 0.995 
y = -1 0 .4 3 8  +  1.6961 x R A2 = 0.998 
y = - 10.462 +  1 .7352x R A2 = 0.998 
y = -1 0 .3 1 8  + 1,7228x R A2 = 0.996
under size:
y= -53.684+ 12.936X RA2 = 1.000
y= -22.339 +5.6617x RA2 = 0.896
y= -36.918+ 9.0095X RA2 = 0.859
y= - 19.856+ 4.9434X RA2 = 0.925
y= -34.901 + 8.3939X RA2 = 0.902
o F e ed
□ O / S  sat
o O / S  sat*
A O / S  nat
□ O / S  od*






Figure 4.33. Plot of In X against In (-In R) of product size distribution
of constant volume experiment for Central Banko coal, 
where:
X = particle size
R = cumulative fraction greater than particle size, X.
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(include feed analysis) for Central Banko, Sudan Jeriji and Senakin coals 
are given in Appendices M, N and O respectively. The results were then 
plotted using the Rosin-Rammler equation (Section 2.4.1). An example of 
the graphs of size distribution analysis for standard constant weight and 
constant volume experiments of Central Banko coal are given in Figures 
4.32 and 4.33. The graph results of size distribution analysis for Suban 
Jeriji and Senakin coals are given in Appendices P and Q.
TABLE 4.4. Result of Size Distribution Analysis for Central Banko Coal
Samples Over-size correlation Under-size correlation % moisture HGI
equation# equation#
CB sat WB y = -10.373 +1.705 x y = -2 7 .8 2 8 +  6.799 x 37.2 84.0
CB sat* WB y = -  9.986 +1.628 x y = -1 9 .5 8 8 +  4.981 x 36.0 78.0
CB nat WB y = -10.393 +1.710 x y = -5 2 .7 0 0  + 12.862 x 32.6 75.0
CB od* WB y = -10.708 +1.763 x y =-20 .781  + 5.168 x 16.0 64.5
CBod WB y = -10.608 + 1.746 x y = -3 3 .7 4 7 +  8.060 x 01.0 72.0
CBsat VB y = -10.317 +1.669 x y = -5 3 .6 8 4  + 12.936 x 37.2 81.0
CB sat* VB y = -10.143 + 1.643 x y =-  22.339 + 5.662 x 36.0 76.0
CB nat VB y = -10.438 +1.696 x y =-3 6 .9 1 8 +  9.010 x 32.6 73.0
CB od* VB y = -10.462 + 1.735 x y = -1 9 .8 5 6 +  4.943 x 16.0 65.5
CBod VB y = -10.318 + 1.723 x y = -  34.901 + 8.394 x 01.0 85.5
#. correlation equation from  Figures 4.32 and 4.33.
Note. WB = weight basis ; VB = volume basis.
sat = maximum saturated moisture
sat* = moisture between air-dried and maximum moisture
nat = natural or air-dried moisture
od* = moisture between air-dried and minimum moisture
od = minimum oven-dried moisture
From Figures 4.32 and 4.33 -  and also from the results of Suban 
Jeriji and Senakin coals (Appendices P and Q) -  it can be seen that, in 
all cases, the over-size products of a given coal at different moisture 






dispersion slope of u/s
W B  = weight basis 
V B  =  v o l u m e  basis


















o C.Banko WB 
C.Banko VB
=  weight basis 
=  v o l u m e  basis
Dispersion constant of under-size vs % moisture for Central 
Banko coal.
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volume experiment - consisted of an almost identical distribution. Table
4.4 shows this similarity quantitatively by the constant of the correlation 
equations for Central Banko coal. On the other hand, the size distribution 
of the under-size products of both the constant weight and constant 
volume experiments (Figures 4.32 and 4.33 and Table 4.4) differ quite 
widely among themselves.
However, viewing the result as a whole it is obvious that the size 
distribution of the under size products essentially parallels that of the feed 
and that the size distribution of the over size products is quite different. It is 
also obvious that there are no clear differences with respect to the 
moisture content or the test procedure. However, there is a clear 
difference in the dispersion constant of the over size product between the 
two coal types -  it is close to 2.0 for Senakin and to 1.5 /1.7 for the two 
lignites (Suban Jeriji and Central Banko). On the other hand, no 
significant difference is apparent between the under size products of 
these two coal types.
Moreover, as exemplified in Figures 4.34 and 4.35 (for Central 
Banko coal) and as might have been expected from the above 
conclusions, no sensible correlation exists between the HGI (or moisture 
content) and the dispersion constants of the under size product. The 
correlation of dispersion constant of the under size product and HGI or 
moisture content of Suban Jeriji and Senakin coals also show similar 
results to that of Central Banko coal as shown in Appendices R and S. 
Likewise, because of the constancy of the dispersion constants of the over 
size products there is no correlation between these parameter either. 
Thus, the conclusion that seems to emerge from these results is that they
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y =  -8.7547 +  1.3884X R A2 =  0.997
y =  -9.2895 +  1.5200X R A2  =  0.994
y = - 9.5995 +  1 .5934x R A2  =  0.991
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Figure 4.37. In X vs In (-InR) of different feed size fraction for Suban 
Jeriji coal.
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Figure. 4.39. Size distribution of feed and product of weight basis 
experiments for Central Banko coal.
In x
Feed :
y = - 56.891 + 8.3668X RA2 = 0.S9C 
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y  = - 8.5064 + 1.4181X R A2 = 0.885
y = - 7 .2948 + 1 .2274X RA2 = 0.920
y  = - 9.3541 + 1.5571X R A2 = 0.886
y = -8 .3 6 7 6 +  1.4314X RA2 = 0.956
y = -9 .3 3 0 4  + 1.6055X RA2 = 0.882






Figure 4.40. Size distribution of feed and product of volume basis





F e ed :
y =  - 4 7 .8 0 6 + 7.0361X FtA2 = 0.971 
Product:
y = -6 .6 3 5 8  + 1.1265x R A2 = 0.971 
y = -5 .9621  + 1.0241X R A2 = 0.976 
y = - 9 .0132 + 1,5284x R A2 = 0.780 
y =  -6 .1 5 1 8  + 1.0636X R A2 = 0.986 
y =  -8 .9 1 3 7  + 1.5222X R A2 = 0.829
O  Feed 
• Product sat 
■ Product sat*
A  Product nat 
□ Product od' 
o Product od
3 4 5 6 7 8
In X
Figure 4.41. Size distribution of feed and product of weight basis 
experiments for Suban Jeriji coal.
Fe ed :
y = - 47.806 + 7.0361X R A2 = 0.971
Product :
y = - 6.9429 4 1.1549X R A2 = 0.975
y = - 6 .8378 + 1.1407x RA2 = 0.931
y = -8 .5 6 5 8  + 1.4448x
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■ Product sat* 
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in x
Figure 4.42. Size distribution of feed and product of volume basis
experiments for Suban Jeriji coal.
Feed :
y =  -47.019 + 6.8563X R A2 = 0.982 
Product:
y = - 10.475 + 1;6592x R A2 = 0.901 
y =  - 12.345 +  1.9769X R A2 = 0.945 
y = - 9.6500 + 1.5379x R A2 = 0.994 
y = -11 .3 2 1  + 1 ,7830x R A2 = 0.936
O  Fe ed 
• Product sat 
A  Product Nat 
□  Product od* 
o Product od
3 4 5 6 7 8
In X
Figure 4.43. Size distribution of feed and product of weight basis 
experiments for Senakin coal.
Feed :
y = -47.019 + 6.8563X R A2 = 0.982
Product :
y=  -9 .9466+ 1.5772X R A2 = 0.917 
y = - 11.307 + 1,7780x R A2 = 0.972 
y = -  10.075 + 1.5858X R A2 = 0.986 
y = -  11.056 + 1.7278X R A2 = 0.910
O  Feed 
• Product sat 
A Product nat 
□ Product od* 
o Product od
3 4 5 6 7 8
In X
Figure 4.44. Size distribution of feed and product of volume basis
experiments for Senakin coal.
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characterize the machine, i.e the grinding process in the Hardgrove 
machine and not the material being ground.
Further evidence for this conclusion is provided by the results of the 
size distribution of under size and over size products when feed coals of 
different size consists were used. The results are shown in Figures 4.36 -  
4.38 from which it is obvious that irrespective of the size consists of the 
feed used the resultant under size and over size distributions are similar 
to all other test conditions refered to earlier.
In the above analysis the cut point was 75 pm for no other reason 
than it is the prescribed sieve size used in the standard Hardgrove test. As 
there is no a prior justification that a size distribution of the products of 
comminution will exhibit two different sub-distributions above and below a 
definite and constant size the size distribution of the total product was 
calculated as a check. The results are shown in Figures 4.39 - 4.44. 
These results indicate that, on average, the 75 pm size is the size at which 
all the distribution change dramatically.
There are three questions that arise from this result:
1. It is known that, except for the materials exhibiting size reduction by 
detachment, the size distribution of the product of a comminution 
operation is generally unimodal, so why is it different here ?
2. What is so constant in the grinding process, or in the nature of the 
material, that it is always so notably manifested at around 75 pm ?
3. Why has this particular size (75 pm) been selected as the cut size in 
the standard specification ?
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As the last question seems the easiest to deal with, it will be 
answered first. From a search of the literature it appears that the reason 
for choosing 75 pm is a historical one. It appears to have been first 
mentioned (as a 200 mesh screen) by R.A Sherman in the discussions of 
the original paper by Hardgrove (1932). The 200 mesh screen was also 
the standard reference screen in U.S.A at that time. Hence, the 
combination of these chance events appear to have pratically guaranteed 
the outcome, i.e. adoption of the 75 pm size screen in the standard for the 
HGI test.
The answers to the other two questions seem to be related in that 
both may probably have the single answer viz. it is the machine. Although, 
without detailed HGI tests involving a range of different materials one can 
not be absolutely certain that a bimodal distribution with a sharp transition 
at about 75 pm, as observed here, is really the machine characteristic and 
nothing else. Unfortunately, the only detailed investigation of comminution 
in the Hardgrove machine reported in the literature (Austin and Klimpel - 
1964) provides, at best an answer o f " not proven ". Although limestone, 
anthracite, coke and bituminous coal were investigated only anthracite 
and coal were dry ground but limestone was wet ground " to prevent the 
formation of the coat (on the balls) Additionally, the fine end of the 
product was sized only at 75 pm and — 45 pm. In their conclusion, the 
authors recommended that more future work needs to be done. This 
conclusion is also clearly indicated in the present study.
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5.0. APPLICATION OF RESULTS
The original work done by Hardgrove (1932) was motivated by the 
advent of pulverized fuel usage in power plants and that the " pulverizer 
tests have been quite incomplete and unsatisfactory because there was 
no method of determining the grinding characteristics of coal This 
Hardgrove considered essential for the industrial needs of comparing 
different coals and in selecting proper mill capacities. Similar 
considerations also prompted the present work. Specifically, the power 
plant in Indonesia using indigenous coal found that the capacity of the 
existing pulverizers was influenced by the different moisture in the coal. 
However, no detailed information was available to predict the magnitude 
of the effect, nor how the various and apparently random, HGI values of 
the same coal entered into the calculations.
The results of this investigation have provided the immediate data 
to answer the question of how the moisture content of the coals used, or 
planned to be used, affects the coal HGI values. Additionally, the 
associated questions of a more fundamental nature were also 
investigated to gain an insight into the above relationship and shed 
further light on the HGI test itself that might be useful in practice.
The results of the study have shown that the constant weight test,
i.e. that prescribed in the standard test method, does not properly 
describe the effect of moisture on HGI. This is especially so for the Suban 
Jeriji coal. Thus, whereas for Central Banko and Senakin constant weight 
and constant volume results show the same trend over the whole
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moisture range investigated (Figs. 4.6 and 4.8) they are diffrent for 
Suban Jeriji coal (Fig. 4.7) -  and very much so at low moisture.
From an industrial point of view HGI on volume basis is considered 
to be the appropriate basis. The reason is that the grinding zone of a 
pulverizer accepts material on volume basis and also grinds it on this 
basis. For a constant weight condition, at a high moisture content the 
volume of the material is low and it will occupy the grinding zone 
incompletely. On the other hand, at low moisture content the volume of 
the same weight of material will be larger and it may oversaturate the 
grinding zone. In both cases the pulverizer will not operate at its optimum.
Present results have also provided further confirmation of the 
importance of the size consists of the sample used for the HGI test. In his 
original paper Hardgrove (1932) sugggested that, ideally, the coal 
sample be prepared " so that all particles are practically the same 
diameter", but for selection reasons reccomended -16 + 30 mesh, i.e -  
1000 + 500 pm. It is not clear from the literature why in the standard 
specification the range was moved up by one sieve in the series, i.e -14 
+ 25 mesh or -1180 + 600 pm.
In his work, Callcott (1957) investigated the effect of the sample 
size consists on HGI by using two sub-sizes viz. -14 + 18 B.S.S and -18 
+ 25 B.S.S, in proportion 30/70, 50/50 and 70/30 (Table 2.8). The effect 
on HGI was found to depend on the coal used and it was implied that the 
effect of the two sizes was additive. The results of the present study do not 
support the above view. Instead, as is evident from Figure 4.31, for the 





--------- =  if additive
Figure 4.45 The illustration of the HGI versus % fines for all coals
tested.
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illustrated in Figure 4.45, i.e that it is the fine fraction that dominates the 
HGI of the mixture.
Further work needs to be done to quantify the relationship but in 
the meantime the finding illustrated in Fig. 4.45 may be used as a guide 
in practice. In other words, the results indicate that the HGI sample is very 
sensitive to small amounts of the coarser particles and is essentially 
insensitive to the presence of the fines over wide range of their content in 
the sample.
Finally, the implication of the present HGI -  % moisture results to 
the HGI values obtained by following the standard specification is most 
profound. The standard states that the sample used shall be in " the air- 
dried condition ". In sub-tropical or tropical countries, e.g Indonesia, air- 
dried condition in the monsoon season means a sample will have very 
high moisture, whilst at other times of the year air-dried condition is 
associated with low moistures in the coal. For Central Banko coal, for 
example, such specification could mean a difference in HGI values of up 
to 20 points (Fig. 4.2) depending solely on the time of the year. This is 
obviously unsatisfactory as it can easily lead to unjustified and costly 
rejection of coal shipments at some times of the year, that would 
otherwise be accepted at other times of the year. The conclusion that 
emerges from these discussions is that consideration be given to 
amending the standard specification to a requirement that the sample be 
dried to constant weight at some agreed temperature and humidity. If also 
the volume method is adopted then, as indicated by the results of the 
present study, the HGI values of different coals could be truly comparable.
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6.0. CONCLUSIONS
From the study of the effect of the moisture on coal grindability,
some conclusions may be given as follows :
1. The effect of the moisture on coal grindability was remarkable, 
especially for Central Banko and Suban Jeriji coals which are of the 
low-rank or brown coal type and contain very high moisture content. 
However, for Senakin coal, which is of a high volatile bituminous C 
coal type and has very low moisture, the effect of the moisture 
on its grindability did not appear as obvious as those of Central 
Banko and Suban Jeriji.
2. Generally, drying the present coal below its air-dried level (below 
a particular percentage of moisture level) enhanced its grindability 
since removing the moisture from the coal created some cracks in 
the coal particle and it might lead to producing the coal which is 
easier to grind.
3. Although the result of the grindability index ( HGI) above an 
air-dried level was not always accurate, because the excess 
moisture sometimes caused agglomeration of fines in the Hardgrove 
machine, to some extent increasing the moisture above an air-dried 
level also resulted in the coal which easier may be ground. A 
possible reason is that increasing the moisture resulted in the 
swelling of the coal particles which might cause the fragmentation 
of the coal structure, hence it was easier to grind. However, drying
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the coal is advisable especially for combustion purposes since in 
practice it will give some other advantages to the combustion 
process viz. in achieving the required temperature and combustion 
efficiency.
4. The standard test method experiments (constant weight feed) does 
not properly describe the effect of moisture on HGI since the same 
weight of the coals with different moisture contents resulted in the 
difference of the number of particles and this lead to the different 
grinding conditions, hence it might produce uncomparable HGI's. 
The constant volume experiments resulted in a more rational 
basis for analyzing the effect of moisture on coal grindability 
by ensuring that moisture as such is the only variable in the 
grinding process since, ideally, the samples of the same coal 
with different moisture contents consisted of the same number of 
particles and having a constant total surface area.
5. From the experiments of the effect of feed size fraction on HGI it 
was found that the HGI was affected by the size consists of the coal 
sample used for Hardgrove test. Furthermore, all three coals tested 
show that the HGI value of standard test sample (-1.18 mm 
+ 600 pm) is approximately similar to that of the -  710 pm + 600 pm 
and remarkably different from that of -  1.18 mm + 1.00 mm sample. 
It can also be noted that the effect of size consists on HGI is not 
additive (Figure 4.45).
6. In all cases, the over size products of a given coal at different 
moisture content for the experiments by using both constant weight
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and constant volume consisted of an almost identical distribution. 
This result may indicate that they characterize the machine or the 
grinding process in the Hardgrove machine and not the material. 
However, there is a clear difference in the dispersion constant of 
the over size product between the two coal types -  it is close to 2.0 
for Senakin coal and 1.7 /1.5 for the two lignites (Central Banko and 
Suban Jeriji).
7. In addition to that, all experiments also show that the size distribution 
of the under size products is essentially parallel to that of the feed. 
This result confirms the possibility of the machine characteristic.
8 There is no sensible correlation between the dispersion constant 
of under size and the HGI, nor to the moisture content.
9. From the size distribution analysis of the total product of three 
coals tested it is found that, for all cases, the 75 pm size (cut 
size) is the size at which the distribution change dramatically. A 
possible reason for this is that again because of the Hardgrove 
machine characteristic.
10. The agreed standard of " the air-dried condition" of the HGI sample 
is required, i.e that the HGI test sample should be dried to constant 
weight at some agreed temperature and humidity in order to 
attain a true and comparable HGI of the coal. 1
11. Further investigation needs to be carried out to gain a more 
fundamental understanding of the Hardgrove grindability test.
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THE HARDGROVE TESTING PROCEDURE 
(After A.S.T.M D. 409 -  85)
Designation: D 409 -  85
Standard T est M ethod fo r
Grindability of Coal by the Hardgrove-Machine Method1
This standard is issued under the fixed designation D 409: the number immediately following the designation indicates the year of 
original adoption or. in the case of revision, the sear of last revision. A number in parentheses indicates the year of last reapproval. A 
superscript epsilon (<) indicates an editorial change since the last revision or reapproval.
1. Scope
1.1 This test method2 is used to determine the relative 
grindability or ease o f pulverization o f coals in comparison 
with coals chosen as standards. A prepared sample receives a 
definite amount o f grinding energy in a miniature pulverizer, 
and the change in size consist is determined by sieving.
1.2 The values stated in inch-pound units are to be 
regarded as the standard. The metric equivalents o f inch- 
pound units may be approximate.
1.3 This standard may involve hazardous materials, oper­
ations, and equipment. This standard does not purport to 
address all of the safety problems associated with its use. It is 
the responsibility o f whoever uses this standard to consult and 
establish appropriate safety and health practices and deter­
mine the applicability of regulatory limitations prior to use.
2. Referenced Documents
2.1 ASTM Standards:
D2013 Method for Preparing Coal Samples for Analysis3
D 2234 Methods for Collection o f a Gross Sample o f Coal3
E 11 Specification for Wire-Cloth Sieves for Testing 
Purposes3
3. Significance and Use
3.1 This test method develops a measurement o f grinding 
or pulverizing characteristics that can be used to evaluate the 
yield or energy input, or both, required in a grinding or 
pulverizing process.
4. Apparatus
4.1 Balances—Two balances will be required: one with a 
sensitivity o f  10 mg and a capacity of 100 g: one with a 
sensitivity o f 1 g and a capacity o f  1500 g.
4.2 Sample Divider— A riffle divider as described in 5.5.2 
of Method D 2013 is required.
4.3 Sieves— A set o f circular sieves which are 8 in. (203 
mm) in diameter and which conform with Specification E 11 








4.4 Crusher—A laboratory plate mill capable o f reduce 
No. 4 sieve size coal particles to less than No. 16 sieve wig 
the production o f a minimum o f  minus No. 30 sieve siz< 
material. The plates shall be serrated and about 4 in. (10.‘ 
mm) in diameter. The distance between the plates shall h 
adjustable and the relative speed o f rotation o f the plate 
shall not exceed 200 rpm.
4.5 Mechanical Sieving Machine— The mechanic 
sieving machine shall accept an assembly of vertically nested 
circular sieves o f 8 in. (203 mm) in diameter, together win. 
cover and receiver. The machine shall simulate the motions 
given testing sieves during hand sieving by imparting a 
horizontal oscillatory' motion o f approximately 1.1 in. (21 
mm) amplitude at a rate o f  approximately 300 cpm. Simul­
taneously, the top o f the oscillating assembly is struck all 
rate o f approximately 150 blows/min by a weight of 4.2 It 
(1.9 kg) moving through a vertical distance o f approximate!)
1.1 in. (28 mm) under the influence o f gravity.
4.6 Grindability Machine— A grindability machine sue
as is shown in Fig. 1 is required for this test. Essentia 
tolerances are shown in Fig. 2. It includes a stationary 
grinding bowl, o f  iron or steel, with a horizontal track wkid 
holds eight steel balls, each 1.000 ±  0.005 in. (25.40 ± 0.13 
mm) in diameter. The balls are driven by an upper grindinf 
ring Which is rotated at 20 ±  1 rpm by means o f the upper 
spindle and which, in turn, is driven by an electric motor 
through reduction gears. Weights are added to the driving 
spindle so that the total vertical force on the balls due to tbr 
weights, shaft, top grinding ring, and gear is equal to 64 ± Oi 
lb (29.0 ±  0.2 kg). The machine is equipped with a counter 










1 This test method is under the jurisdiction ol ASTM Commiuee D o  on Coal 
and Cote and is the direct responsibility of Subcommittee D05.07 on Physical 
Characterization and Beneficiation of Coal and Coal Slurries.
Current edition approved Dec. 9. 1985. Published February I9S6. Originally- 
published as D 409 -  51. Last previous edition D 409 -  71 < 19 M.
;  For information concerning the experimental work on which this method is 
based, sec paper by Hardgrove. R. M.. “Grindability ot Coal. T ra m c c n o n s . Am. 
Soc. Mechanical Engrs.. Vol 54. F.S.P.. p. 3“. 1933.
D05.07.02 on Grindability and Physical Properties is conducting ongoing 
inxestigations in regard to quality control during preparation. distribution, and use 
of Standard Reference Materials and during preparation and testing of actual 
samples.
* Annual Book ol ASTM  SiandarJ. Vol 05.05.
5. Standard Reference Samples for Calibration
5.1 Four samples standardized especially for this purpo? 
and representing grindability indexes o f  approximately 40. 
60, 80, and 110.4 shall be used for calibration (see Section?! 
and Appendix XI).
4 Samples may be obtained upon request from the U.S. Department of Ene^)- 
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FIG. 1 Hardgrove Grindability Machine
6. Gross Samples
6.1 A representative gross sample of  coal shall be collected 
in accordance with Methods D 2234 and prepared in ac­
cordance with Method D 2013 except that the sample shall 
not be reduced beyond the No. 4 sieve size.
7. Preparation of Test Samples
7.1 A No. 16 by No. 30 test sample is to be prepared 
for either calibration or for routine determination of 
Grindability Index.
7.2 Divide the quantity of No. 4 sieve size coal to about 
1000 g using a riffle, and air dry the 1000-g portion for not 
less than 12 h nor more than 4S h in conformity with 
paragraph 8.2.2 of Method D 2013.
7.2.1 Stage crush the air-dried No. 4 sieve size sample to 
yield maximum amount of material passing No. 16 sieve, 
but being retained on No. 30 sieve.
7.2.1.1 Sieve the entire amount of air-dried sample in lots 
if approximately 200 g each for 2 min in the mechanical
sieving machine. Use a set of nested sieves consisting of a 
No. 16 sieve on top of a No. 30 sieve.
7.2.1.2 Crush the material retained on the No. 16 with the 
crusher adjusted so that only the largest particles are crushed. 
Sieve the crushed material for 2 min and return the oversize 
to the crusher, again set the crusher so that only the largest 
panicles are crushed. Continue crushing and sieving until all 
the material passes the No. 16 sieve. Retain the No. 16 by 
No. 30 material.
7.2.1.3 Mix well all of the No. 16 by No. 30 material 
accumulated from the stage crushing and sieving and divide 
the quantity using a riffle to obtain approximately 120 g.
7.2.2 As the final step in preparation of the test sample, 
dedust the 120 g sample from 7.2.1.3 by sieving on No. 30 
sieve for 5 min using the mechanical sieving machine.
8. Procedure
8.1 Clean the grindability machine thoroughly and space 
the balls evenly around the grinding bowl. Set the automatic
continued
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FIG. 2 Grinding Elements o f Hardgrove Machine
stopping device so that it will stop after 60 ± 0.25 revolutions 
of the upper grinding ring.
8.2 Weigh out 50 ±0.01 g of the 16 by 30 sieve size 
dedusted material from 7.2.2 and distribute it evenly in the 
grinding bowl, brushing any material falling on the elevated 
section of the lower grinding element into the lower grinding 
element toward the balls. Fasten the bowl in position and 
make sure the load is fully applied to the driving spindle.
8.3 Operate the machine for 60 ± 0.25 revolutions.
8.4 Remove the bowl from the machine, lift out the upper 
grinding ring and carefully brush adhering coal dust onto a 
Vs-in. sieve nested on a No. 200 sieve and a closely fitting 
receiving pan. Empty the grinding balls and ground coal 
onto the 5/s-in. sieve and carefully brush material adhering to 
the bowl, the balls, and the ?/s-in. sieve into the No. 200 sieve. 
Replace the '/?-in. sieve with a close fitting cover and shake 
the No. 200 sieve, cover, and pan assembly for 10 min in the 
mechanical sieving machine. Carefully brush coal dust from 
the underside of the sieve into the receiving pan, using a soft 
brush which will not damage the No. 200 sieve. Repeat the 
shaking and underside-of-sieve cleaning for two more pe­
riods. each of 5 min duration.
8.5 Weigh separately to the nearest 0.01 g the coal 
retained on the No. 200 sieve and the coal passing the No. 
200 sieve. If the sum of these weights differs by more than 
0.75 g from the initial weight of 50 ± 0.01 g, reject the test 
and repeat. Use the calculated weight of the coal passing the 
No. 200 sieve, determined by subtracting the weight retained
D 4 0 9  •
on the No. 200 sieve from the test sample weight, in 
preparation of the calibration chart (9.3) or in calculation of 
the grindabilitv index of the sample (10.2). ¿ '
9. Calibration C
9.1 Calibrate each grindabilitv machine, together with all 
apparatus including sieves associated with the test, prior to 
being used for testing coals when new, modified, repaired, or 
suspected of being defective or when operated by new 
personnel.
9.2 For each calibration, process four standard reference 
samples separately in the grindability machine by the proce­
dure outlined above, and use the results to prepare ;‘a 
calibration chart.
9.2.1 Process and test each standard reference sample in
accordance with Sections 7 and 8. p
9.3 Construct a calibration chart by plotting on linear­
scale coordinates the calculated weight of material passing 
No. 200 sieve (50 ±0.01 g minus the weight remaining on 
the No. 200 sieve) versus the Hardgrove Grindability Inda 
for that standard reference sample as determined by method 
given in Appendix XI. Fit a straight line to these four points 
by the method of least squares.5 '
9.3.1 Use results from standardized reference samples
processed according to 7.2 in preparing the calibration chart 
(see Fig. 3). j
10. Calculation and Report j
10.1 Determine the grindability index of the coal sample j 
under test by use of the calibration chan prepared in 9.3. /  j
10.2 Read the grindability index corresponding to the i
calculated weight of test sample passing the No. 200 sieve j 
(8.5) directly from the calibration chan prepared in 9.3.1 and j 
report to the nearest whole number. ' -; ■
11. Precision and Bias
11.1 Precision:
11.1.1 Repeatability—Results of consecutive determina­
tions carried out on the same sample in the same laboratory 
by the same operator using the same apparatus should not 
differ by more than two index points.
11.1.2 Reproducibility—The means of results of duplicate
determinations carried out by different laboratories on riffled 
splits of the analysis sample should not differ by more than 
three index points. ' .
11.2 Bias:
11.2.1 Since this test method (calibration procedure) is an 
empirical standard, the degree of absolute bias cannot be 
determined.
5 The line of least squares to be used shall be the line from which the sums of 
the squares of the deviations of the standard sample grindability indexes art 
minimum. (Reference: Volk, William, Applied Staiistics for Engineers, McGrr® 
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APPENDIX
(Nonmandatory Information)
X I. M ETHOD FOR PREPARING AND DETERMINING GRINDABILITY INDEXES OF STANDARD
REFERENCE SAMPLES
X l.l  Scope
XI. 1.1 This method prescribes the procedure for pre­
paring standard reference samples by the authority preparing 
reference samples for use in determining the Hardgrove 
Grindabilitv Index.
XI. 1.2 This method also prescribes the procedure to be 
used in determining the Hardgrove Grindabilitv Index of 
standard reference samples.
XI.2 Apparatus
X 1.2.1 All apparatus and equipment is essentially as
prescribed in Section 4 but with the following special 
precautions being taken:
X 1.2.2 A mechanical sieving machine (4.5) and a 
grindabilitv machine (4.6) are both to be reserved for use 
only for determining Hardgrove Grindability Index of stan­
dard reference samples.
X 1.2.2 Three specially matched, stainless steel No. 200 
sieves shall be set aside for use only in determining the 
amount of material passing the No. 200 sieve in 8.5. One of 




are to be used on standard reference samples only.
X I.3 Standard Coals
X 1.3.1 Coals having Hardgrove Grindability Indexes of 
approximately 40, 60, 80, and 110 shall be collected.
X 1.3.2 The coals shall consist o f  not less than 175 lb (80 
kg).
X I.4 Preparation of Standard Reference Samples
X1.4.I Air-dry the standard coal sample and reduce to 
No. 4 sieve size. Carry out the air drying at room tempera­
ture for 12 to 24 h until fine particles do not adhere to the 
larger ones.
X 1.4.2 Conduct the size reduction such that not more 
than 5 % o f  the sample is retained on a No. 4 sieve.
X I .4.3 Process the entire sample o f  175 lb (80 kg) and 
retain for further use.
X 1.4.4 Blend and subdivide the standard coals, after air 
drying and size reduction, into 24 subsamples which become 
Standard Reference Samples.
X I .4.5 Prior to subdivision, thoroughly mix all o f  each 
standard-coal for 15 min in a tumbler similiar in design to a 
concrete mixer.
X 1.4.6 Subdivide the coal by feeding the coal at a uniform 
rate through a stationary funnel into 24 one-gallon (4-litre) 




steadily at 6 rpm. Adjust the feed rate such that eacf1 
container receives approximately 34 increments. Seal .fly;' 
containers and label according to lot and container. J.|'
XI.5 Determination of Grindability Index of Each Lot cf.
Standard Reference Samples
X 1.5.1 Subdivide two of each given lot o f  24 Standárí 
Reference Samples prepared in X I.4.6 with riffle and tes( 
each of the four resultant subsamples for Hardgroyi 
Grindability Index. '■%
X I.5.2 Prepare a test sample from each o f the fouf. 
subsamples in accordance with Section 7.
X I.5.3 Process each of the four subsamples in the 
grindability machine in accordance with Section 8 and note 
the weight o f  the original sample (50 g) minus the weight .of 
the material retained on the No. 200 sieve. ■ qy
X I.5.4 Determine the value o f  Hardgrove Grindability 
Index for each subsample from the standardization graph 
derived originally from round-robin data between the statf 
dardization equipment reserved exclusively for standardiza»', 
tion purposes and the original equipment previously used by 
the Babcock & Wilcox Co. for standard samples. • *
X 1.5.5 Calculate the average o f the four values obtained 
in X I.5.4 to the nearest whole number and use as th< 
Hardgrove Grindability Index of the remaining 22 Standard. 
Reference Samples in that lot.
The American Society lor Testing and Materials takes no position respecting the validity of any patent rights asserted in connection 
with any item mentioned in this standard. Users of this standard are expressly advised that determination of the validity of any such 
patent rights, and the risk of infringement of sixth rights, are entirety their own responsibility.
This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and %
if not revised, either reapproved or withdrawn. Your comments are invited either tor revision of this standard or for additional standards •- • ,‘i
and should be addressed to ASTM Headquarters. Your comments will receive careful consideration at a meeting of the responsible 
technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should make your ..{■£
views known to the ASTM Committee on Standards. 1916 Race St.. Philadelphia. PA 19103. y
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APPEN D IX  C
THE EXP E R IM E N TA L RESULT OF STANDARD W EIG H T BASIS FOR 
______  C E N TR AL BANKO COAL
HGI TEST MOISTURE CONTENT
No. Sample 
code
Feed +75pm$ +75pm# -75pm# HGI HGI Feed +75pm -75pm
(gr) (gO (90 (90 (mean) (%) (%) (%)
1. CB sat 1 50.00 28.50 39.36 10.64 83.5
84.0
37.4 04.50 05.56
CBsat 2 50.00 31.87 39.29 10.71 84.0 36.90 22.20 19.87
2. CB sat* 1 50.00 37.41 40.27 09.73 77.0
78.0
36.72 31.87 26.16
CB sat* 2 50.00 36.49 40.06 09.94 78.5 36.73 30.53 27.10
3. CB nat 1 50.00 40.30 40.72 9.28 74.0
75.0
32.90 32.20 25.80
CB nat 2 50.00 40.31 40.44 9.56 76.0 32.22 32.00 25.55
4. CB od * 1 50.00 42.09 41.95 08.05 65.0
64.5
15.33 15.60 12.82
CB od * 2 50.00 42.36 42.12 07.88 64.0 15.25 15.73 13.00
5. CB od 1 50.00 41.34 41.00 09.00 72.0
72.0
03.80 04.60 05.86
CB od 2 50.00 41.26 41.00 09.00 72.0 03.80 04.40 05.88
Note: + 75pm$ = over size of product without correction with moisture
+ 75pm# = over size of product after correction with moisture 
-75|im# = under size of product after correction with moisture
sat = maximium saturated moisture
sat* = moisture between air-dried and maximum saturated moisture 
nat = natural moisture or air-dried moisture
od * = moisture between air-dried moisture and minimum oven-dried moisture 
od = minimum oven-dried moisture
A8
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Feed +75pm -75pm 
(%) (%) (%)
1. SJ sat 1 50.00 32.45 39.29 10.71 84.0 45.77 34.32 30.20
83.5
SJsat 2 50.00 32.67 39.40 10.60 83.0 45.86 34.70 29.70
2. S J sat* 1 50.00 28.51 37.23 12.77 98.0 43.32 25.98 22.96
97.5
SJ sat* 2 50.00 28.68 37.66 12.34 97.0 43.28 25.53 22.44
3. SJ nat 1 50.00 38.19 38.12 11.88 92.5 39.46 39.56 34.64
93.0
SJ nat 2 50.00 38.55 38.08 11.92 93.0 39.17 39.88 34.64
4. SJ od * 1 50.00 39.43 39.13 10.87 85.5 19.15 19.76 18.08
85.5
SJ od * 2 50.00 39.42 39.13 10.87 85.5 19.24 19.83 17.62
5. S J od 1 50.00 39.92 39.24 10.76 85.0 03.38 05.02 05.78
86.0
SJ od 2 50.00 39.59 38.88 11.12 87.0 02.97 04.70 05.03
Note: + 75jim$ = over size of product without correction with moisture
+ 75pm# = over size of product after correction with moisture 
-75pm# = under size of product after correction with moisture
sat = maximium saturated moisture
sat* = moisture between air-dried and maximum saturated moisture 
nat = natural moisture or air-dried moisture
od * = moisture between air-dried moisture and minimum oven-dried moisture 
od = minimum oven-dried moisture
A9
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Feed +75|im -75pm 
(%) (%) (%)
1. SN sat 1 50.00 45.44 46.38 3.62 36.0 5.73 3.77 4.45
36.0
SN sat 2 50.00 45.32 46.42 3.58 35.5 5.80 3.50 3.21
2. SN nat 1 50.00 47.15 47.18 2.82 31.0 4.07 3.99 3.78
31.0
SN nat 2 50.00 47.21 47.25 2.75 30.5 4.13 4.04 3.82
3. SN od * 1 50.00 47.20 47.30 2.70 30.0 1.89 1.66 1.76
31.0
SN od * 2 50.00 47.06 47.06 2.94 32.0 1.83 1.83 1.81
4. SNod 1 50.00 47.24 46.86 3.14 33.0 0.30 1.10 2.07
33.0
SNod 2 50.00 47.22 46.78 3.22 33.0 0.13 1.05 2.58
Note: + 75jim$ = over size of product without correction with moisture
+ 75pm# = over size of product after correction with moisture 
-75}im# = under size of product after correction with moisture
sat = maximium saturated moisture
sat* = moisture between air-dried and maximum saturated moisture 
nat = natural moisture or air-dried moisture
od * = moisture between air-dried moisture and minimum oven-dried moisture 




THE EXPERIMENTAL RESULT OF VOLUME BASIS FOR CENTRAL
HGI TEST MOISTURE CONTENT
No. Sample Feed +75pm$ +75pm## -75pm#* HGI HGI Feed +75pm -75|im
code
(SO (gr) (gO (gr) (mean) (%) (%) (%)
1. CB sat 1 59.58 39.30 39.79 10.21 81.0
81.0
37.24 24.26 21.54
CBsat 2 59.58 39.05 39.71 10.29 81.0 37.01 23.66 20.69
2 . CB sat* 1 58.51 43.52 40.51 09.49 75.0
76.0
36.73 31.09 27.64
CB sat* 2 58.51 43.29 40.33 09.67 77.0 36.16 30.41 26.74
3. CBnat 1 55.56 45.27 40.66 09.34 74.0
73.0
32.29 32.42 28.04
CB nat 2 55.56 45.48 41.05 08.95 72.0 32.50 32.30 26.91
4. CB od * 1 44.58 37.20 42.11 07.89 65.0
65.5
16.19 15.40 13.38
CB od * 2 44.58 37.29 41.73 8.27 66.0 15.89 16.10 13.28
5. CB od 1 37.82 30.29 39.23 10.77 85.0
85.5
01.77 03.77 05.95
CB od 2 37.82 30.29 39.11 10.89 86.0 01.34 03.64 05.57
Note: + 75pm$ = over size of product without correction with moisture
+ 75pm## = over size of product after correction with moisture and calculated on 50 gr 
basis
-75pm## = under size of product after correction with moisture and calculated on 50 gr 
basis
sat = maximium saturated moisture
sat* = moisture between air-dried and maximum saturated moisture 
nat = natural moisture or air-dried moisture
od * = moisture between air-dried moisture and minimum oven-dried moisture 




THE EXPERIMENTAL RESULT OF VOLUME BASIS FOR SUBAN JERIJI
HGI TEST MOISTURE CONTENT
No. Sample 
code
Feed +75pm$ +75[xn\lt# -75|im## HGI HGI Feed +75pm -75pm
(gr) (90 (gr) (gr) (mean) (%) (%) (%)
1. SJ sat 1 61.00 42.36 40.42 09.58 76.0
77.0
45.18 36.20 32.24
SJsat 2 61.00 41.55 40.11 09.89 78.0 45.88 36.27 32.07
2. SJ sat* 1 58.31 42.14 38.82 11.18 88.0
87.0
43.54 39.36 35.98
SJ sat* 2 58.31 42.51 39.02 10.97 86.0 43.31 39.28 33.62
3. SJ nat 1 53.76 41.01 38.22 11.78 92.0
91.0
37.75 37.62 33.06
SJ nat 2 53.76 41.19 38.49 11.51 90.0 37.23 36.93 31.75
4. SJ od * 1 40.82 31.59 38.62 11.38 89.0
89.0
20.46 20.56 17.68
SJ od * 2 40.82 31.60 38.66 11.34 89.0 20.51 20.53 16.98
5 SJ od 1 33.40 24.96 36.71 13.29 103.0
103.5
02.18 03.93 05.28
SJ od 2 33.40 24.81 36.48 13.52 104.0 01.70 03.48 04.15
Note: + 75{im$ = over size of product without correction with moisture
+ 75pm## = over size of product after correction with moisture and calculated on 50 gr 
basis
-75jim## = under size of product after correction with moisture and calculated on 50 gr 
basis
sat = maximium saturated moisture
sat* = moisture between air-dried and maximum saturated moisture 
nat = natural moisture or air-dried moisture
od * = moisture between air-dried moisture and minimum oven-dried moisture 
od = minimum oven-dried moisture
A12
APPENDIX H
THE EXPERIMENTAL RESULT OF VOLUME BASIS FOR SENAKIN COAL
HGI TEST MOISTURE CONTENT
No. Sample 
code
Feed +75pm$ +75pm## —75jjjti## HGI HGI Feed +75|im -75pm
(gO (gO (gO (go (mean) (%) (%) (%)
1 . SNsat 1 63.66 57.62 46.21 3.79 37.0
36.5
5.64 3.64 3.29
SN sat 2 63.66 57.62 46.36 3.64 36.0 5.88 3.60 3.18
2 . SN nat 1 62.50 59.61 47.62 2.38 28.0
28.0
3.96 4.11 3.90
SN nat 2 62.50 59.52 47.66 2.34 28.0 4.13 4.04 4.16
3. SN od * 1 61.19 58.44 47.73 2.27 27.5
28.0
2.29 2.34 2.56
SN od * 2 61.19 58.38 47.58 2.42 28.5 2.14 2.40 2.25
4. SNod 1 60.09 57.28 47.41 2.59 29.5
30.0
0.61 1.31 2.84
SNod 2 60.09 57.22 47.23 2.77 30.5 0.51 1.31 2.84
Note: + 75p.m$ = over size of product without correction with moisture
+ 75pm## = over size of product after correction with moisture and calculated on 50 gr 
basis
-75pm## = under size of product after correction with moisture and calculated on 50 gr 
basis
sat = maximium saturated moisture
sat* = moisture between air-dried and maximum saturated moisture 
nat = natural moisture or air-dried moisture
od * = moisture between air-dried moisture and minimum oven-dried moisture 
od = minimum oven-dried moisture
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APPENDIX I
THE EXPERIMENTAL RESULT OF 20 GRAM DRY SOLID BASIS SAMPLE













Feed +75jim -75pm 
(%) (%) (%)
1. CB nat 111 29.67 22.86 38.27 11.73 91.5 32.79 33.27 29.88
92.5
CB nat II2 29.67 22.60 37.97 12.07 93.5 33.20 33.41 29.83
2 . SJnat 111 32.52 24.66 37.76 12.24 95.0 39.56 39.78 34.03
95.0
SJ nat II2 32.52 24.47 37.85 12.15 94.5 39.84 39.48 34.23
3. SN nat 111 20.84 18.45 44.46 05.54 48.0 04.30 03.86 03.25
47.5
SN nat II2 20.84 18.59 44.65 05.35 47.0 04.04 03.92 03.45
Note: + 75pm$ = over size of product without correction with moisture
+ 75pm** = over size of product after correction with moisture and calculated on 50 gr 
basis
-75pm** = under size of product after correction with moisture and calculated on 50 gr 
basis
CB nat II = Central Banko ; 20 gr dry solid basis on air-dried moisture condition 
SJnat II = Suban Jeriji ; ditto
SN nat II = Senakin ; ditto
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APPENDIX J
THE EXPERIMENTAL RESULT OF SIZE FRACTION OF -  1.18 mm + 1.00
mm and -  710 |im + 600 îm FOR CENTRAL BANKO COAL
HGI TEST MOISTURE CONTENT
No. Sample Feed +75jim$ +75pm# -75jim# HGI HGI Feed +75pm -75|im
code
(gO (gr) (go (gr) (mean) (%) (%) (%)
1. CB nat 1111 50.00 42.03 41.88 08.12 66.0
65.0
31.92 32.18 27.75
CB nat III2 50.00 42.15 42.13 07.87 64.0 32.02 32.06 27.88
2. CBnat IV1 50.00 41.18 41.06 08.94 72.0
73.0
31.40 31.60 26.83
CBnat IV2 50.00 40.75 40.71 09.29 74.0 31.64 31.72 26.55
Note: + 75jim$ = over size of product without correction with moisture
+ 75pm# = over size of product after correction with moisture 
-75pm# = under size of product after correction with moisture
CB nat III = size fraction of -1.18 mm + 1 .00 mm ; air-dried moisture condition 
CB nat IV = sise fraction Of -  710 jim + 600 jim ; air -dried moisture condition
A15
APPENDIX K
THE EXPERIMENTAL RESULT OF SIZE FRACTION OF -  1.18 mm + 1.00
mm and - 7 1 0  {im +
E=1
ooCO FOR SUBAN JERIJI CO AL
HGI TEST MOISTURE CONTENT
No. Sample Feed +75pm$ +75}im# -75pm# HGI HGI Feed +75pm -75pm
code
(go (gO (go (gO (mean) (%) (%) (%)
1 . SJnat 1111 50.00 40.71 40.60 09.40 75.0
75.0
39.78 39.94 34.98
SJ nat III2 50.00 40.72 40.54 09.46 75.0 39.72 39.98 35.38
2. SJnat IV1 50.00 38.45 37.83 12.17 94.0 38.14 39.16 33.75
93.0
SJnat IV2 50.00 38.47 38.22 11.78 92.0 38.62 39.02 33.65
Note: + 75pm$ = over size of product without correction with moisture
+ 75pm# = over size of product after correction with moisture 
-75pm# = under size of product after correction with moisture
SJ nat ill = size fraction of -  1.18 mm + 1.00 mm ; air-dried moisture condition 
SJ nat IV = sise fraction Of -710|im  + 600 pm ; air-dried moisture condition
A16
AP PE N D IX  L
TH E E X P E R IM E N TA L R ESU LT OF SIZE FRACTION O F - 1.18 m m  + 1.00 
mm and -  710 (im  + 600 urn FOR SENAKIN  C O A L
HGI TEST MOISTURE CONTENT
Mo. Sample
code
Feed +75pm$ +75pm* -75pm * HGI HGI Feed +75pm -75pm
iso (50 (5*0 (50 (mean) (%> (%) / o /  \ V '31
1. SN nat 1111 50.00 47.69 47.64 02.36 28.0
28.0
03.90 04.02 03.24
SN nat III2 50.00 47.73 47.73 2.27 27.5 04.28 04.28 03.56
2. SNnat IV 1 50.00 47.02 46.98 03.02 32.0
32.0
04.18 04.22 04.15
SNr.at :V2 50.00 47.06 47.05 2.95 32.0 04.00 04.02 03.17
•Note: -  75pms = over size of product without correction with moisture
-r /S um * = over size of product after correction with moisture 
-75 pm * = under size of product after correction with moisture
SN nat III = size fraction of -1.18 mm + 1.00 mm ; air-dried moisture condition 




DATA OF SIZE DISTRIBUTION ANALYSIS OF THE FEED AND THE PRODUCTS OF 
WEIGHT BASIS EXPERIMENTS FOR CENTRAL BANKO
Sample code Size fraction (pm) Weight (gr) Weight (%) Cumulative (%)
Feed -1.18 mm+ 850 pm 55.6 55.99 55.99
-  850 pm + 710 pm 27.0 29.19 83.18
-  710 pm + 600 pm 14.0 14.10 97.28
-  600 pm + 425 pm 2.5 2.52 99.80
-  425 pm + 250 pm 0.2 0.20 100.0
-  250 pm + 125 pm -
-  125 pm + 75 pm -
Pan -
O/S CB sat -  1.18 mm + 850 pm 0.8 3.08 3.08
-  850 pm + 710 pm 1.8 6.92 10.00
-  710 pm+ 600 pm 2.8 10.77 20.77
-  600 pm + 425 pm 5.6 21.54 42.31
-  425 pm+ 250 pm 6.6 25.38 67.69
-  250 pm + 125 pm 5.4 20.77 88.46
-  125 pm + 75 pm 2.9 11.15 99.61
Pan 0.1 0.39 100.0
U/S CB sat -  75 pm + 63 pm 1.6 24.62 24.62
-  63 pm + 53pm 2.5 38.46 63.08
-  53 pm + 45 pm 1.6 24.62 87.70
-  45 pm + 38 pm 0.5 7.69 95.39
Pan 0.3 4.61 100.0
O/S CB sat* -  1.18 mm + 850 pm 1.6 4.71 4.71
-  850 pm + 710 pm 2.6 7.65 12.36
-  710 pm + 600 pm 4.4 12.94 25.30
-  600 pm+ 425 pm 6.7 19.71 45.01
-  425 pm+ 250 pm 8.1 23.82 68.83
-  250 pm + 125 pm 6.6 19.41 88.24
-  125 pm + 75 pm 3.8 11.18 99.42
Pan 0.2 0.58 100.0
U/S CB sat* -  75 pm + 63 pm 0.7 10.61 10.61 •
-  63 pm + 53 pm 0.7 10.61 21.22
-  53 pm + 45pm 2.0 30.30 51.52
-  45 pm + 38 pm 2.1 31.82 83.34
Pan 1.1 16.66 100.0
O/S CB nat -  1.18 mm + 850 pm 1.2 3.31 3.31
-  850 pm + 710 pm 2.4 6.63 9.94
-  710 pm + 600 pm 3.6 9.94 19.88
-  600 pm + 425 pm 7.8 21.55 41.43
-  425 pm + 250 pm 9.3 25.70 67.13
-  250 pm + 125 pm 7.8 21.55 88.68
-  125 pm + 75 pm 3.9 10.77 99.45
Pan 0.2 0.55 100.0
Continued next page
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Sample code Size fraction (pm) Weight (gr) Weight (%) Cumulative (%)
U/S CB nat -  75 pm + 63 pm 1.7 27.87 27.87
-  63pm+ 53pm 2.4 39.34 67.21
-  53 pm + 45pm 1.9 31.15 98.36
-  45pm+ 38pm 
Pan
0.1 1.64 100.0
O/S CB od* -1 .18  mm + 850 pm 1.2 2.93 2.93
-  850 pm + 710 pm 2.5 6.10 9.03
-  710 pm + 600 pm 4.3 10.49 19.52
-  600 pm + 425 pm 8.6 20.98 40.50
-  425 pm + 250 pm 10.7 26.10 66.60
-  250 pm + 125 pm 9.4 22.93 89.53
-  125pm+ 75 pm 
Pan
4.3 10.47 100.0
U/S CB od* -  75 pm + 63 pm 1.7 25.37 25.37
-  63 pm+ 53pm 0.8 11.94 37.31
-  53 pm + 45 pm 1.5 22.39 59.70
-  45 pm + 38 pm 2.1 31.34 91.04
Pan 0.6 8.96 100.0
O/S CB od -  1.18 mm + 850 pm 1.1 2.64 2.64
-  850 pm + 710 pm 2.9 6.97 9.61
-  710 pm + 600 pm 4.1 9.86 19.47
-  600 pm + 425 pm 9.5 22.84 42.31
-  425 pm + 250 pm 10.5 25.24 67.55
-  250 pm + 125 pm 8.9 21.39 88.94
-  125 pm + 75 pm 4.5 10.82 99.76
Pan 0.1 0.24 100.0
U/S CB od -  75 pm + 63 pm 4.5 54.88 54.88
-  63 pm + 53pm 1.9 23.17 78.05
-  53 pm + 45 pm 1.5 18.29 96.34
-  45 pm + 38 pm 0.2 2.44 98.78
Pan 0.1 1.22 100.0
Note : O/S = over size of the HGI test product 
U/S = under size of the HGI test product
Feed = size distribution feed of all experiment; on air-dried moisture 
condition
sat = maximium saturated moisture
sat* = moisture between air-dried and maximum saturated moisture 
nat = natural moisture or air-dried moisture
od * = moisture between air-dried moisture and minimum oven-dried moisture 
od = minimum oven-dried moisture
APPENDIX M2
DATA OF SIZE DISTRIBUTION ANALYSIS OF THE PRODUCTS OF VOLUME BASIS
EXPERIMENTS FOR CENTRAL BANKO COAL
Sample code Size fraction (pm) Weight (gr) Weight (%) Cumulative
O/S CB sat _ 1.18 mm + 850 pm 2.0 5.48 5.48
- 850 pm + 710 pm 3.4 9.32 14.80
- 710 pm + 600 pm 5.1 13.97 28.77
- 600 pm + 425 pm 6.7 18.36 47.13
- 425 pm + 250 pm 8.7 23.84 70.97
- 250 pm + 125 pm 6.9 18.90 89.87
- 125 pm + 75 pm 3.6 9.86 99.73
Pan 0.1 0.27 100.0
U/S CB sat — 75 pm + 63 pm 3.0 40.00 40.00
- 63 pm + 53pm 3.8 50.67 90.67
- 53pm+ 45pm 0.7 9.3 100.0
- 45 pm + 38 pm -
Pan —
O/S CB sat* — 1.18 mm + 850 pm 2.2 5.49 5.49
- 850 pm + 710 pm 3.6 8.98 14.47
- 710 pm + 600 pm 5.3 13.22 27.69
- 600 pm + 425 pm 7.8 19.45 47.14
- 425 pm + 250 pm 9.3 23.19 70.33
- 250 pm + 125 pm 7.6 18.95 89.28
- 125 pm + 75 pm 4.1 10.22 99.50
Pan 0.2 0.50 100.0
U/S CB sat* _ 75 pm + 63 pm 0.9 11.25 11.25
- 63 pm + 53 pm 0.8 10.00 21.25
- 53 pm + 45pm 2.3 28.75 50.00
- 45 pm + 38 pm 3.1 38.75 88.75
Pan 0.9 11.25 100.0
O/S CB nat _ 1.18 mm + 850 pm 2.2 5.37 5.37
- 850 pm + 710 pm 3.2 7.80 13.17
- 710 pm + 600 pm 4.8 11.71 24.88
- 600 pm + 425 pm 8.2 20.00 44.88
- 425 pm + 250 pm 10.2 24.88 69.76
— 250 pm + 125 pm 8.3 20.24 90.00
- 125 pm + 75 pm 4.0 9.76 99.76
Pan 0.1 0.24 100.0
U/S CB nat _ 75 pm + 63 pm 2.1 34.43 34.43
- 63 pm + 53 pm 1.1 18.03 52.46
- 53 pm + 45 pm 2.6 42.62 95.08




Sample code Size fraction (pm) Weight (gr) Weight (%) Cumulative (%)
O/S CB od* -1 .18  mm + 850 pm 0.9 2.51 2.51
-  850 pm + 710 pm 1.8 5.01 7.52
-  710 pm + 600 pm 3.5 9.75 17.27
-  600 pm + 425 pm 7.3 20.33 37.60
-  425 pm + 250 pm 9.7 27.02 64.62
-  250 pm + 125 pm 8.5 23.68 88.30
-  125pm + 75 pm 4.2 11.70 100.0
Pan -
U/S CB od* -  75 pm + 63 pm 1.5 24.19 24.19
-  63 pm + 53 pm 0.6 9.68 33.87
-  53 pm + 45 pm 1.9 30.65 64.52
-  45 pm + 38 pm 1.5 24.19 88.71
Pan 0.7 11.29 100.0
O/S CB od -  1.18 mm + 850 pm 0.5 1.64 1.64
-  850 pm + 710 pm 1.4 4.61 6.25
-  710 pm + 600 pm 2.9 9.54 15.79
-  600 pm + 425 pm 6.4 21.05 36.84
-  425 pm + 250 pm 8.1 26.64 63.48
-  250 pm + 125 pm 7.1 23.36 86.84
-  125 pm + 75 pm 4.0 13.16 100.0
Pan -
U/S CB od -  75 pm + 63 pm 3.9 50.65 50.65
-  63 pm + 53 pm 1.5 19.48 70.13
-  53 pm + 45 pm 2.0 25.97 96.10
-  45 pm + 38 pm 0.3 3.90 100.0
Pan —
Note : O/S = over size of the HGI test product
U/S = under size of the HGI test product
sat = maximium saturated moisture
sat* = moisture between air-dried and maximum saturated moisture 
nat = natural moisture or air-dried moisture
od * = moisture between air-dried moisture and minimum oven-dried moisture 
od = minimum oven-dried moisture
A21
APPENDIX M3
DATA OF SIZE DISTRIBUTION ANALYSIS OF THE PRODUCTS OF -  1.18 mm + 1.00 mm
AND -  710 pm + 600 pm EXPERIMENTS FOR CENTRAL BANKO COAL
Sample code Size fraction (pm) Weight (gr) Weight (%) Cumulative (%)
O/S -1.18 mm+ 850 pm 4.7 11.93 11.93
-1.18+1.00 mm -  850 pm + 710 pm 3.6 9.14 21.07
-  710 pm + 600 pm 4.0 10.15 31.22
-  600 pm + 425 pm 6.7 17.00 48.22
-  425 pm + 250 pm 8.6 21.83 70.05
-  250 pm + 125 pm 7.6 19.29 89.34
-  125 pm + 75 pm 4.0 10.15 99.49
Pan 0.2 0.51 100.0
U/S -  75 pm + 63 pm 0.7 12.73 12.73
-1.18+1.00 mm -  63pm + 53pm 0.8 14.55 27.28
-  53 pm + 45 pm 1.8 32.73 60.01
-  45 pm + 38pm 2.1 38.18 98.19
Pan 0.1 1.81 100.0
O/S -  1.18 mm + 850 pm
-710+600 pm -  850 pm + 710 pm -
-  710 pm + 600 pm 6.1 15.68 15.68
-  600 pm + 425 pm 8.5 21.85 37.53
-  425 pm + 250 pm 10.7 27.51 65.04
-  250 pm + 125 pm 9.1 23.39 88.43
-  125 pm + 75 pm 4.3 11.05 99.48
Pan 0.2 0.52 100.0
U/S -  75 pm + 63 pm 0.7 10.61 10.61
-7 1 0+600pm -  63 pm + 53 pm 0.9 13.64 24.25
-  53 pm + 45pm 2.8 42.42 66.67
-  45 pm + 38pm 1.5 22.73 89.40
Pan 0.7 10.60 100.0
Note : O/S = over size of the HGI test product
U/S = under size of the HGI test product
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APPEN D IC ES N
APPENDIX N1
DATA OF SIZE DISTRIBUTION ANALYSIS OF THE FEED AND THE PRODUCTS OF WEIGHT 
BASIS EXPERIMENTS FOR SUBAN JERIJI COAL







- 1.18 mm + 850 pm 63.6 49.53 49.53
- 850 pm + 710 pm 33.4 26.01 75.54
- 710 pm + 600 pm 26.7 20.79 96.33
- 600 pm + 425 pm 3.9 3.04 99.37
- 425 pm + 250 pm 0.4 0.31 99.68
- 250 pm + 125 pm 0.2 0.16 99.84
- 125 pm + 75 pm 0.1 0.08 99.92
Pan 0.1 0.08 100.0
— 1.18 mm + 850 pm 1.6 5.46 5.46
- 850 pm + 710 pm 2.6 8.87 14.33
- 710 pm + 600 pm 3.5 11.95 26.28
- 600 pm + 425 pm 5.5 18.77 45.05
- 425 pm + 250 pm 6.7 22.87 67.92
- 250 pm + 125 pm 5.8 19.80 87.72
- 125 pm + 75 pm 3.4 11.60 99.32
Pan 0.2 0.68 100.0
— 75 pm + 63 pm 1.1 16.42 16.42
- 63 pm + 53pm 0.9 13.43 29.85
- 53 pm + 45 pm 1.2 17.91 47.76
- 45 pm + 38 pm 1.9 28.36 76.12
Pan 1.6 23.88 100.0
— 1.18 mm + 850 pm 1.3 5.00 5.00
- 850 pm + 710 pm 2.2 8.46 13.46
- 710 pm + 600 pm 3.2 12.31 25.77
- 600 pm + 425 pm 5.2 20.00 45.77
- 425 pm + 250 pm 5.7 21.92 67.69
- 250 pm + 125 pm 5.2 20.00 87.69
- 125 pm + 75 pm 3.1 11.92 99.61
Pan 0.1 0.39 100.0
_ 75 pm + 63 pm 0.9 12.68 12.68
- 63 pm + 53pm 0.8 11.27 23.95
- 53 pm + 45 pm 1.0 14.08 38.03
- 45 pm + 38 pm 2.1 29.58 67.61
Pan 2.3 32.39 100.0
__ 1.18 mm + 850 pm 1.7 5.12 5.12
— 850 pm + 710 pm 2.7 8.13 13.25
— 710 pm + 600 pm 3.7 11.14 24.39
— 600 pm + 425 pm 6.5 19.58 43.97
— 425 pm + 250 pm 7.4 22.29 66.26
— 250 pm + 125 pm 6.6 19.88 86.14
— 125 pm + 75 pm 3.8 11.45 97.59
Pan 0.8 2.41 100.0
Continued next page
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Sample code Size fraction (pm) Weight (gr) Weight (%) Cumulative (%)
U/S SJ nat 75jim + 63 pm 2.3 28.75 28.75
- 63pm + 53 pm 0.7 8.75 37.50
- 53jim + 45 pm 3.4 42.50 80.00
- 45 pm + 38 pm 1.5 18.75 98.75
Pan 0.1 1.25 100.0
O/S SJ od* _ 1.18 mm + 850 pm 1.1 2.93 2.93
- 850 pm + 710 pm 2.7 7.20 10.13
- 710 pm + 600 pm 4.5 12.00 22.13
- 600 pm + 425 pm 7.9 21.07 43.20
- 425 pm + 250 pm 9.0 24.00 67.20
- 250 pm + 125 pm 7.8 20.80 88.00
- 125 pm + 75 pm 4.4 11.73 99.73
Pan 0.1 0.27 100.0
U/S SJ od* _ 75pm + 63 pm 1.6 17.39 17.39
- 63 pm + 53 pm 0.7 7.61 25.00
- 53jim + 45 pm 1.1 11.96 36.96
- 45pm + 38 pm 1.5 16.30 53.26
Pan 4.3 46.74 100.0
O/S SJ od _ 1.18 mm + 850 pm 1.0 2.48 2.48
- 850 pm + 710 pm 3.1 7.67 10.15
- 710 pm + 600 pm 4.8 11.88 22.03
- 600 pm + 425 pm 8.8 21.78 43.81
- 425 pm + 250 pm 9.7 24.01 67.82
- 250 pm + 125 pm 8.6 21.29 89.11
- 125 pm + 75 jim 4.3 10.64 99.75
Pan 0.1 0.25 100.0
U/S SJ od — 75pm + 63 pm 2.7 27.00 27.00
- 63 pm + 53 jim 1.5 15.00 42.00
— 53pm + 45 jim 3.7 37.00 79.00
— 45 pm + 38 jim 1.9 19.00 98.00
Pan 0.2 2.00 100.0
Note : O/S = over size of the HGI test product 
U/S = under size of the HGI test product
Feed = size distribution feed of all experiment; on air-dried moisture 
condition
sat = maximium saturated moisture
sat* = moisture between air-dried and maximum saturated moisture 
nat = natural moisture or air-dried moisture
od * = moisture between air-dried moisture and minimum oven-dried moisture 
od = minimum oven-dried moisture
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APPENDIX N2
DATA OF SIZE DISTRIBUTION ANALYSIS OF THE PRODUCTS OF VOLUME BASIS
EXPERIMENTS FOR SUBAN JERIJI COAL
Sample code Size fraction (pm) Weight (gr) Weight (%) Cumulative (%)
O/S SJ sat 1.18 mm + 850 pm 2.5 6.78 6.78
- 850 pm + 710 pm 3.9 10.57 17.35
- 710 pm + 600 pm 5.0 13.55 30.90
- 600 pm + 425 pm 6.9 18.70 49.60
- 425 pm + 250 pm 7.8 21.14 70.74
- 250 pm + 125 pm 6.7 18.16 88.90
- 125 pm + 75 pm 3.9 10.57 99.47
Pan 0.2 0.53 100.0
U/S SJ sat _ 75 pm + 63 pm 0.9 13.64 13.64
- 63pm+ 53pm 0.8 12.12 25.76
- 53 pm + 45 pm 1.6 24.24 50.00
- 45 pm + 38 pm 1.6 24.24 74.24
Pan 1.7 25.76 100.0
O/S SJ sat* _ 1.18 mm + 850 pm 3.2 8.50 8.50
- 850 pm + 710 pm 3.8 10.16 18.72
- 710 pm + 600 pm 4.9 13.10 31.82
- 600 pm + 425 pm 6.9 18.45 50.27
- 425 pm + 250 pm 7.6 20.32 70.59
- 250 pm + 125 pm 6.9 18.45 89.04
- 125 pm + 75 pm 3.8 10.16 99.20
Pan 0.3 0.80 100.0
U/S SJ sat* _ 75 pm + 63 pm 0.7 8.64 8.64
- 63 pm + 53pm 1.1 13.58 22.22
- 53 pm + 45 pm 2.8 34.57 56.79
— 45 pm + 38 pm 2.3 28.40 85.19
P an 1.2 14.81 100.0
O/S SJ nat 1.18 mm + 850 pm 2.3 6.13 6.13
— 850 pm + 710 pm 3.4 9.07 15.20
— 710 pm + 600 pm 4.6 12.27 27.47
— 600 pm + 425 pm 7.1 18.93 46.40
- 425 pm + 250 pm 8.4 22.40 68.80
— 250 pm + 125 pm 7.3 19.47 88.27
— 125 pm + 75 pm 4.2 11.20 99.47
Pan 0.2 0.53 100.0
U/S SJ nat _ 75 pm + 63 pm 2.0 21.98 21.98
— 63 pm + 53pm 0.5 5.49 27.47
_ 53 pm + 45 pm 4.9 53.85 81.32
— 45 pm + 38 pm 1.5 16.48 97.80
Pan 0.2 2.20 100.0
Continued next page
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Sample code Size fraction (jim) Weight (gr) Weight (%) Cumulative (%)
O/S SJ od* - 1.18 mm + 850 pm 0.5 1.72 1.72
- 850 pm + 710 pm 1.6 5.50 7.22
- 710 pm + 600 pm 2.9 9.97 17.19
- 600 pm + 425 pm 6.0 20.62 37.81
- 425 pm + 250 pm 7.5 25.77 63.58
- 250 pm + 125 pm 6.6 22.68 86.26
- 125 pm + 75 pm 3.9 13.40 99.66
Pan 0.1 0.34 100.0
U/S SJ od* — 75 pm + 63 pm 1.3 16.25 16.25
- 63 pm + 53pm 0.7 8.75 25.00
- 53 pm + 45 pm 1.4 17.5 42.50
- 45 pm + 38 pm 3.5 43.75 86.25
Pan 1.1 13.75 100.0
O/S SJ od — 1.18 mm + 850 pm 0.2 0.79 0.79
- 850 pm + 710 pm 1.1 4.37 5.16
- 710 pm + 600 pm 2.2 8.73 13.89
- 600 pm + 425 pm 5.5 21.83 35.72
- 425 pm + 250 pm 6.6 26.19 61.91
- 250 pm + 125 pm 6.0 23.81 85.72
- 125 pm + 75 pm 3.5 13.89 99.61
Pan 0.1 0.39 100.0
U/S SJ od _ 75 pm + 63 pm 2.2 26.19 26.19
- 63 pm + 53pm 1.2 14.29 40.48
- 53 pm + 45 pm 4.2 50.00 90.48
- 45 pm + 38 pm 0.8 9.52 100.0
Pan -
Note : O/S = over size of the HGI test product
U/S = under size of the HGI test product
sat = maximium saturated moisture
sat* = moisture between air-dried and maximum saturated moisture 
nat = natural moisture or air-dried moisture
od * = moisture between air-dried moisture and minimum oven-dried moisture 
od = minimum oven-dried moisture
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APPENDIX N3
DATA OF SIZE DISTRIBUTION ANALYSIS OF THE PRODUCTS OF -  1.18 mm + 1.00 mm
AND — 710 Jim + 600 pm EXPERIMENTS FOR SUBAN JERIJI COAL
Sample code Size fraction (pm) Weight (gr) Weight (%) Cumulative (%)
O/S -1 .1 8  mm + 850 pm 5.2 13.83 13.83
-1.18+1.00 mm -  850 pm + 710 pm 3.9 10.37 24.20
-  710 pm + 600 pm 3.9 10.37 34.57
-  600 pm + 425 pm 6.2 16.49 51.06
-  425 pm + 250 pm 7.1 18.88 69.94
-  250 pm + 125 pm 6.8 18.09 88.03
-  125 pm + 75 pm 4.0 10.64 98.67
Pan 0.5 1.33 100.0
U/S -  75 pm + 63 pm 0.5 7.58 7.58
-1.18+1.00 mm -  63 pm + 53 pm 0.5 7.58 15.16
-  53 pm + 45 pm 2.5 37.88 53.04
-  45 pm + 38 pm 2.6 39.38 92.42
Pan 0.5 7.58 100.0
O/S -1 .18  mm + 850 pm —
-710+600 pm -  850 pm + 710 pm -
-  7 l0pm  + 600 pm 4.6 13.11 13.11
-  600 pm + 425 pm 9.3 26.50 39.61
-  425 pm + 250 pm 9.0 25.64 65.25
-  250 pm + 125 pm 7.1 20.23 85.48
-  125 pm + 75 pm 4.8 13.68 99.16
Pan 0.3 0.84 i 00.0
U/S -  75 pm + 63 pm ’ 0.8 S.20 9.20
-710+600 pm -  63 pm + 53 pm 0.9 10.34 19.54
-  53 pm + 45 pm 4.3 49.43 68.97
-  45 pm + 38 pm 2.3 26.44 95.41
Pan 0.4 4.59 100.0
Note : O/S = over size of the HGI test product 
U/S = under size of the HGI test product
A27
A P P E N D IC E S  O
APPENDIX 01
DATA OF SIZE DISTRIBUTION ANALYSIS OF THE FEED AND THE PRODUCTS OF WEIGHT 
BASIS EXPERIMENTS FOR SENAKIN COAL
Sample code Size fraction (pm) Weight (gr) Weight (%) Cumulative (%)
Feed -  1.18 mm + 850 pm 81.0 61.69 61.69
-  850 p m + 710 pm 30.3 23.08 84.77
-  710 p m + 600 pm 16.3 12.41 97.18
-  600 pm + 425 pm 3.1 2.36 99.54
-  425 pm + 250 pm 0.5 0.38 99.92
-  250 pm + 125 pm 0.1 0.08 100.0
-  125 pm + 75 pm -
Pan —
O/S SN sat -  1.18 mm + 850 pm 3.9 8.67 8.67
-  850 p m + 710 pm 7.4 16.44 25.11
-  710 p m + 600 pm 9.4 20.89 46.00
-  600 p m + 425 pm 9.2 20.44 66.44
-  425 pm + 250 pm 7.9 17.56 84.00
-  250 pm + 125 pm 5.2 11.56 95.56
-  125 pm + 75 pm 2.0 4.44 100.0
Pan
U/S SN sat -  75 pm + 63 pm 1.1 34.38 34.38
-  63 pm + 53pm 0.4 12.50 46.88
-  53 pm + 45 pm 0.7 21.88 68.76
-  45 pm + 38 pm 0.9 28.13 96.89
Pan 0.1 3.11 100.0
O/S SN nat -  1.18 mm + 850 pm 3.1 6.67 6.67
-  850 pm + 710 pm 5.8 12.47 19.14
-  710 pm + 600 pm 8.1 17.42 36.56
-  600 pm + 425 pm 10.3 22.15 58.71
-  425 pm + 250 pm 10.6 22.80 81.51
-  250 pm + 125 pm 6.5 13.98 95.49
-  125 pm + 75 pm 2.1 4.51 100.0
U/S SN nat -  75 pm + 63 pm 1.3 52.00 52.00
-  63 pm + 53pm 0.8 32.00 84.00
-  53 pm + 45 pm 0.3 12.00 96.00
-  45 pm + 38 pm 0.1 4.00 100.0
Pan -
O/S SN od* -  1.18 mm + 850 pm 4.0 8.42 8.42
-  850 pm + 710 pm 6.3 13.26 21.68
-  710 pm + 600 pm 7.2 15.16 36.84
-  600 pm + 425 pm 9.8 20.63 57.47
-  425 pm + 250 pm 10.6 22.32 79.79
-  250 pm + 125 pm 7.0 17.74 94.53
-  125 pm + 75 pm 2.5 5.26 99.79
Pan 0.1 0.21 100.0
Continued next page
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Sample code Size fraction (pm) Weight (gr) Weight (%) Cumulative (%)
U/S SN od* -  75 pm + 63 pm 0.9 . 32.14 32.14
-  63 pm + 53 pm 0.3 10.71 42.85
-  53 pm + 45 pm 0.5 17.86 60.71
-  45 pm + 38 pm 0.4 14.29 75.00
Pan 0.7 25.00 100.0
O/S SN od -  1.18 mm + 850 pm 5.7 12.03 12.03
-  850 pm+ 710 pm 7.4 15.61 27.64
-  710 pm+ 600 pm 8.7 18.35 45.99
-  600 pm + 425 pm 8.9 18.78 64.77
-  425 pm + 250 pm 8.9 18.78 83.55
-  250 pm + 125 pm 5.9 12.45 96.00
-  125 pm + 75 pm 
Pan
1.9 4.00 100.0
U/S SN od -  75 pm + 63 pm 0.8 32.00 32.00
-  63pm+ 53pm 0.5 20.00 52.00
-  53 pm + 45pm 0.8 32.00 84.00
-  45 pm + 38 pm 0.3 12.00 96.00
Pan 0.1 4.00 100.0
Note : O/S = over size of the HGI test product 
U/S = under size of the HGI test product
Feed = size distribution feed of all experiment; on air-dried moisture 
condition
sat = maximium saturated moisture 
nat = natural moisture or air-dried moisture
od * = moisture between air-dried moisture and minimum oven-dried moisture 
od = minimum oven-dried moisture
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APPENDIX 0 2
DATA OF SIZE DISTRIBUTION ANALYSIS OF THE PRODUCTS OF VOLUME BASIS
EXPERIMENTS FOR SENAKIN COAL
Sample code Size fraction (pm) Weight (gr) Weight (%) Cumulative
O/S SN sat -  1.18 mm + 850 pm 5.8 10.14 10.14
-  850 pm + 710 pm 8.8 15.38 25.52
-  710 pm + 600 |±m 10.6 18.53 44.05
-  600 pm + 425 pm 10.8 18.88 62.93
-  425 pm + 250 pm 10.8 18.88 81.81
-  250 pm + 125 pm 7.4 12.94 94.75
-  125pm+ 75 pm 
Pan
3.0 5.25 100.0
U/S SN sat -  75 pm + 63 pm 1.2 29.27 29.27
-  63 pm + 53pm 0.3 7.32 36.59
-  53 pm + 45 pm 1.0 24.39 60.98
-  45 pm + 38 pm 1.4 34.15 95.13
Pan 0.2 4.87 100.0
O/S SN nat -  1.18 mm + 850 pm 5.6 9.51 9.51
-  850 pm + 710 pm 8.8 14.94 24.45
-  710 pm + 600 pm 11.3 19.19 43.64
-  600 pm + 425 pm 12.7 21.56 65.20
-  425 pm + 250 pm 11.6 19.69 84.89
-  250 pm + 125 pm 6.7 11.38 96.27
125pni + 
Pan
75 pm 2.2 3.73 100.0
U/S SN nat -  75 pm + 63 pm 1.1 42.31 42.31
-  63 pm + 53 pm 0.5 19.23 61.54
-  53 pm + 45 pm 0.7 26.92 88.46
-  45 pm + 
Pan
38 pm 0.3 11.54 100.0
O/S SN od* -  1.18 mm + 850 pm 6.1 10.41 10.41
-  850 pm + 710 pm 8.5 14.51 24.92
-  710 pm + 600 pm 9.9 16.90 41.82
-  600 pm + 425 pm 12.1 20.65 62.47
-  425 pm + 250 pm 11.9 21.31 82.78
-  250 pm + 125 pm 7.2 12.29 95.07
-  125 pm + 75 pm 2.7 4.61 99.68
Pan 0.2 0.32 100.0
Continued next page
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Sample code Size fraction (pm) Weight (gr) Weight (%) Cumulative (%)
U/S SN od* -  75 pm + 63 pm 0.6 22.22 22.22
-  63 pm + 53 pm 0.4 14.81 37.03
-  53 pm + 45 pm 0.5 18.52 55.55
-  45 pm + 38 pm 0.7 25.93 81.48
Pan 0.5 18.52 100.0
O/S SN od -  1.18 mm + 850 pm 7.7 13.41 13.41
-  850 pm + 710 pm 9.1 15.85 29.26
-  710 pm + 600 pm 11.3 19.69 48.95
-  600 pm + 425 pm 11.3 19.69 68.69
-  425 pm + 250 pm 9.9 17.25 85.89
-  250 pm + 125 pm 6.1 10.63 96.52
-  125 pm + 75 pm 1.9 3.31 99.83
Pan 0.1 0.17 100.0
U/S SN od -  75 pm + 63 pm 0.7 24.14 24.14
-  63 pm + 53 pm 0.4 13.79 37.93
-  53 pm + 45 pm 1.1 37.93 75.86
-  45 pm + 38 pm 0.6 20.69 96.55
Pan 0.1 3.45 100.0
Note : O/S = over size of the HGI test product
U/S = under size of the HGI test product
sat = maximium saturated moisture 
nat = natural moisture or air-dried moisture
od * = moisture between air-dried moisture and minimum oven-dried moisture 
od = minimum oven-dried moisture
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APPENDIX 0 3
DATA OF SIZE DISTRIBUTION ANALYSIS OF THE PRODUCTS OF -  1.18 mm + 1.00 mm
AND -  710 pm + 600 pm EXPERIMENTS FOR SENAKIN COAL
Sample code Size fraction (pin) Weight (gr) Weight (%) Cumulative (%)
O/S -  1.18 m m + 850 jim 10.2 21.56 21.56
•1.18+1.00 mm -  850 pm + 710 pm 6.4 13.53 35.09
-  710 pm + 600 jim 5.9 12.47 47.56
-  600 pm + 425 jim 8.4 17.76 65.32
-  425 jim + 250 pm 8.5 17.97 83.29
-  250 pm + 125 pm 5.7 12.05 95.34
-  125 pm + 75 pm 2.1 4.44 99.78
Pan 0.1 0.22 100.0
U/S -  75 pm + 63 jim 0.5 25.00 25.00
•1.18+1.00 mm -  63pm + 53pm 0.2 10.00 35.00
-  53 pm + 45 jim 0.5 25.00 60.00
-  45 jim + 38 pm 0.5 25.00 85.00
Pan 0.3 15.00 100.0
O/S -  1.18 mm + 850 pm -
-710+600 pm -  850 pm + 710 jim -
-  710 pm + 600 pm 10.5 22.44 22.44
-  600 pm + 425 jim 14.2 30.34 52.78
-  425 pm + 250 jim 12.0 25.64 78.42
-  250 pm + 125 pm 7.3 15.60 94.02
-  125 jim + 75 pm 2.7 5.77 99.79
Pan 0.1 0.21 100.0
U/S -  75 jim + 63 jim 0.7 28.00 28.00
-710+600 pm -  63 pm + 53 jim 0.4 16.00 44.00
-  53 jim + 45 jim 0.5 20.00 64.00
-  45 jim + 38 jim 0.7 28.00 92.00
Pan 0.2 8.00 100.0
Note : O/S = over size of the HGI test product













A P P E N D I X  P 1 . Plot of InX against In (-InR) of product size distribution of standard constant 
weight experiment for S u b a n  Jeriji coal
In X
Feed:
y = - 47.806 + 7.0361X RA2 = 0.971
over size:
y = -9.6341 + 1.5680X RA2 = 0.995
y = -9.7061 + 1.5818X RA2 = 0.993
y = -9.2895 + 1.5200X RA2 = 0.994
y = - 10.217 + 1.6796X RA2 = 0.993
y = - 10.617 + 1.7434X RA2 = 0.992
under size:
y = - 14.463 +3.6657X RA2 = 0.950
y = - 12.422 + 3.2008X RA2 = 0.945
y = - 36.694 + 9.0695X RA2 = 0.867
y = - 7.7480 + 2.0190x RA2 == 0.977
y = -33.238 + 8.2101X RA2 == 0.898
o F e ed
□ O / S  sat
o O / S  sat*
A O / S  nat
□ O / S  od*






A P P E N D I X  P2. Plot of InX against In (-InR) of product size distribution of constant
vo l u m e  experiment for S u b a n  Jeriji coal
InX
Feed:
y = - 47 .806  +  7.0361 x R A2 =: 0.971
over size:
y = - 9 .7825  + 1.5744X R A2 = 0.992
y = - 9 .6140  + 1.5412X R A2 =: 0.994
y = - 9 .7050 +  1.5735x R A2 = 0.995
y = - 10.083 +  1.681 Ox R A2 = 0.993
y  = - 10.356 +  1.7420X R A2 = 0.991
under size:
y = -  1 4 .8 8 0 +  3.7884X R A2 = 0 .972
y = - 21.444 +  5 .4428X R A2 = 0.963
y = -  34.648  +  8.6056X R A2 = 0.897
y = - 1 8 .8 0 2 +  4.7607X R A2 = 0.839
y = -3 1 .1 4 1  + 7 .6 6 0 5 x R A2 = 0.849
0 F e e d
□ O / S  sat
0 O / S  sat*
A O / S  nat
□ O / S  od*





X U/ S od
a p p e n d ic e s  q
A3 3
A P P E N D I X  Q1. Plot of InX against In(-lnR) of product size distribution of standard constant 
weight experiment for Senakin coal
Feed:
y = - 47.019 + 6.8563X R A2 = 0.982
over size:
y = - 12.780 + 1.9915X R A2 = 0.987
y = - 13.030+ 2.0602X R A2 = 0.996
y = - 12.102 + 1.9105x R A2 = 0.996
y = - 12.750 + 1.9801X R A2 := 0.994
under size:
y = - 27.209 + 6.6969X R A2 == 0.836
y = - 34.523+ 8.2381X R A2 == 0.998
y = - 11.240+ 2.7627X R A2 == 0.981










A P P E N D I X  Q2. Plot of inX against In(-lnR) of product size distribution of constant 
vo l u m e  experiment for Senakin coal
Feed:
InX
y = - 47.019 +  6.8563X R A2 = 0.982 
over size:
y = -  12 .016 + 1.8760X R A2 = 0.991
y = - 13.379 + 2.0869X R A2 := 0.994
y = - 12.324 + 1.9260X R A2 := 0.995
y = - 13.203 + 2.0379X R A2 == 0.994
under size:
y = -2 4 .7 2 3  + 6.1320x R A2 = 0.820
y = - 23.902  + 5.7663X R A2 =: 0.939
y = - 15.480 + 3.8697X R A2 =: 0.949












APPENDIX R1. DISPERSION CONSTANT OF UNDER SIZE VS HGI FOR SUBAN JERIJI COAL
S.Jerlü W B  
S.Jerljl V B
APPENDIX R2. DISPERSION CONSTANT OF UNDER SIZE VS % MOISTURE FOR S. JERIJI COAL




APPENDIX S1. DISPERSION CONSTANT OF UNDER SIZE VS HGI FOR SENAKIN COAL
dispersion slope of uIs
A Senakln W B  
A  Senakln V B
APPENDIX S2. DISPERSION CONSTANT OF UNDER SIZE VS % MOISTURE FOR SENAKIN COAL
Allbook Bindery 
91 Ryedale Road
West Ryde 2114 
Phone: 807 6026
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